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2  RUSSET,L  BUIITON-OPITZ.  1  5S 

un  ^StroDiulir*'  on  mesureur  de  couraiit  dans  la  veiiie  cave  iiiferieure 
tout  pres  de  roreillette  droite.  ')  On  a  enregistre  la  pression  arterielle 
generale  avec  un  inanometre  a  mcrcure,  taudis  (pie  la  prcssion  veiiieuse 
etait  enregistree  ])ar  un  inanometre  a  membrane,  qui  communiquait  avec 
le  stromuhr  par  une  voie  laterale  de  la  canule  centrale.  Cette  voie  laterale 
etait  ajustee  de  mauiere  qu'uiie  aiguille  hypodennique  jiouvait  y  etre 
iiiseree  a  tout  moment  ])our  injecter  Talcool.  L'indication  du  temps  par 
un,chrouograplie  Jacquet  a  servi  d'abscisse  pour  toutes  ces  mesures. 

En  resume,  ces  experiences  avaient  pour  but  d'enregistrer  le  courant 
circulatoire  normal  dans  la  veine  cave  en  rapport  avec  les  jiressions 
arterielle  et  veincuse,  nvant  et  ai)res  qu'une  quantite  definie  d'alcool 
isopropylique  on  d'alcool  ethyl ique  eut  ete  injectee  par  la  canule  late- 
rale. Les  injections  out  ete  faites  lentement  et  furent  repetees  plusieurs 
fois  pendant  le  cours  de  cliaque  ex|)erience.  On  a  employe  priiicipalement 
le  ineme  type  d'alcool  pour  les  epreuves  suecessives,  quoiqu'on  ait  em- 
ploye aussi  ces  alcools  Tun  ajires  Tautre. 

Le  fait  d'adininistrer  3  cm^.  d'alcool  iso])ropylique  en  dilutions  de 
10,  :25  et  50  ])our  cent  n'a  pas  altcre  considerablemeut  la  force  fonc- 
tioiinelle  du  coeur.  Sil  y  avait  quelque  diminution,  elle  etait  legere  et 
de  nature  temporaire.  On  a  obtenu  a  pen  ])i'rs  les  memes  resultats  ?ivec 
de  I'alcool  etliylique. 

L'alcool  isopropylique  en  dilution  de  75  jiour  cent  aussi  bien  que  non 
dilue  a  cause  des  depressions  vasculaires  bien  definies,  mais  doiit  la 
restauration  a  ete  rapide.  L'alcool  etliylique,  quand  on  I'a  adrainistreen 
quantite  et  force  cgales,  a  prodiiit  une  depression  pareille,  quoique  jilus 
faible.  Malgre  tout,  ces  resultats  ne  justifient  pas  la  conclusion  que 
Talcooi  etliylique  soit  decidement  moins  toxique  que  Talcool  isopropy- 
lique. Machi'-)  donne  conime  dose  mortelle  d'alcool  etliylique  5  cm', 
par  kilogramme  de  poids  du  corps  et  2.5  crn"^.  par  kilogramme  comma 
dose  d'alcool  isopropylique.  Ces  resultats,  que  Foil  base  sur  les  effets 
(I'injections  intraveineuses,  indiqueraient  que  l'alcool  isopropylique  est 
deux  fois  plus  toxique  que  l'alcool  etliylique.  La  dose  mortelle  minimum 
pour  les  chats,  adrainistree  jiar  la  bouche,  est  fixee  a  6  cm',  par  kilo- 
gramme de  poids  du  corps. ')  Chez  les  lapins,  la  dose  lethale  minimum 


')  On   a   employe  le   Stromulir  decrit  par  moi  dans  P/liiger'i^  Archii  .  l^O" 
CXXI,  150. 

')  Jour.  Pharm.  and  Exp.  Tlierap.,  1920,  XVI,  1. 
")  Arch,  intern,  de  Pharmacol,  et  Ther.,  1921,  285. 
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(le  1.5  mm.  llg.  Trois  secoiules  apres  le  commencement  de  Fiiijection, 
la  pressiou  arterielle  a  dimiuuc  jusqu'a  ce  qu'ellc  atteignit  la  valeur  de 
7  [.2  mm.  Hg.,  I")  secoiules  plus  tard  environ.  La  pression  veineuse  est 
montee  legerement  pemhnt  la  pefiode  toute  entiere.  En  coincidant  avec 
la  descente  de  la  pression  arterielle,  recoulemeiit  veinenx  dans  le  coeur 
a  diminue  de  1.2-3  cnr\  par  seconde,  ce  (\m  indique  une  re'duction 
certaine  de  la  force  fonctionnelle  du  ccenr.  On  ])eut  contirmcrriiypothese 
que  cet  elfet  pcut  etre  localise  dans  Torgane.  par  la  brievete  de  la 
])eriode  (jui  s"est  ecoulee  entre  le  commencement  de  rinjection  et  I'acces 
des  plieuomeues  qu'on  vient  do  dccrire.  On  pent  la  confirmer  encore 
par  la  nature  des  cliangements  dans  la  pressiou  du  sang.  On  vient  de 
dire  que  la  pression  veineuse  monte  tandis  que  la  pres<ion  arterielle 
descend,  ce  qui  moiitre  une  certaine  impuissance  de  la  part  du  creur 
d'emettre  des  quantites  normales  de  sang.  L'existeuce  de  la  stagnation 
est  suggerce  d'ailleurs  par  um^  reduction  bien  decidee  de  la  frequence 
de  cet  orgaiie  et  par  une  force  particuliere  de  ses pulsations  individuelles. 
Ainsi,  on  constate  nn  taux  normal  de  174  par  minute  contre  un  taux 
de  ll."3  par  minute  apres  I'injection. 

Ces  depressions  vasculaires  out  disparu  bientot  apres  I'injection  "et 
des  conditions  dyuimiques  normales  out  ('te  retablies  en  unedemi-nnnute 
apres  Tadministratioii  de  I'un  ou  I'autre  alcool.  Ces  injections  out  pu 
etre  repetees  plusieurs  fois  sans  resultat  fatal,  pourvu  que  les  intervalles 
entre  les  administrations  successives  ne  fussent  pas  abrrges  outre  mesure. 
Dans  beaucoup  de  cas,  les  animaux  qui  avaient  recu  ])lusieurs  doses 
d'alcool  etliyli(pie  on  isopi'0|)yli([ue,  |)re!--en(aient  une  resistance  decidee, 
comme  I'a  montre  le  fait  (pie  la  respiration  artificielle  a  pu,  dans  ces 
cas,  etre  arretee  pendant  longtemps,  sans  f[ue  le  coeur  montrat  aucune 
tendance  diastolique  dangereuse. 
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The  dog  has  become,  perhaps,  the  standard  laboratory  animal  for 
the  study  of  the  sugar  in  the  blood,  and  it  may  be  justifiably  so.  Before 
generalizations  are  made  on  the  basis  of  such  studies  it  is,  however, 
necessary  to  remember  that  the  dog  is  naturally  a  strict  carnivore — in 
the  wild  state  even  an  obligate  carnivore-  and  that  its  mechanism  for 
handling  the  carl^ohydrates  may  be  quite  different  from  that  of  the 
omnivores  and  h(M])ivores  which  ingest  much  larger  quantities  of  this 
type  of  food. 

While  the  rabbit  is  the  most  available  h('r])ivore  which  is  in  common 
use  in  our  laboratories,  it  has  been  rather  generally  discarded  for  this 
type  of  work  because  of  the  feeling  that  it  is  very  susceptible  to  emotional 
hyperglycemia  and  glycosuria  (1),  (2).  On  the  other  hand  we  have  the 
statement  of  Jones  (3)  that  successive  determinations  of  l^lood  sugar 
upon  individual  rabbits  were  constant  within  the. experimental  error 
of  the  method  used  for  analysis.  This  statement  encouraged  us  to 
use  the  rabbit  in  the  present  research.  Wliile  our  results  would  not 
warrant  us  in  making  the  above  statement,  we  believe  that  they  are 
sufficiently  uniform  to  justify  us  in  drawing  certain  conclusions  which 
may  be  of  use  in  the  study  of  carbohydrate  metabolism. 

Methods:  a.  Chemical.  The  method  proposed  liy  ISIacLean  (4) 
for  the  determination  of  sugar  in  blood,  modified  as  noted  below,  was 
used  throughout  the  work.  The  modification  consisted  in  the  substitu- 
tion of  phosphotungstic  acid  as  the  protein  precipitant  in  place  of  the 
one  originally  described.  This  necessitated  the  preparation  of  a  new 
conversion  table,  but  as  no  particular  difficulties  were  encountered, 
and  as  the  reasons  for  the  modification  will  be  discussed  elsewhere, 
the  method  will  not  be  further  described  at  the  present  time.  The 
modified  method  was  checked  in  the  usual  ways  and  was  found  to 
recover  glucose  satisfactorily  from  a  solution  in  water,  from  blood  which 
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The  dog  has  l^ecome,  perhaps,  the  standard  laboratory  animal  for 
the  study  of  the  sugar  in  the  blood,  and  it  may  be  justifiably  so.  Before 
generalizations  arc  made  on  the  basis  of  such  studios  it  is,  however, 
necessary  to  remember  that  the  dog  is  naturally  a  strict  carnivore— in 
the  wild  state  even  an  obligate  carnivore — and  that  its  mechanism  for 
handling  the  carljohydratcs  may  be  quite  different  from  that  of  the 
omnivores  and  herbivores  which  ingest  nnich  larger  quantities  of  this 
type  of  food. 

While  the  rabbit  is  the  most  availal)le  herbivore  which  is  in  common 
use  in  our  laboratories,  it  luis  ])een  rather  generally  discarded  for  this 
type  of  work  because  of  the  feeling  that  it  is  very  susceptible  to  emotional 
hyperglycemia  and  glycosuria  (1),  (2).  On  the  other  hand  we  have  the 
statement  of  Jones  (3)  that  successive  determinations  of  blood  sugar 
upon  individual  rab])its  were  constant  within  the  experimental  error 
of  the  method  used  for  analysis.  This  statement  encouraged  ils  to 
use  the  rabbit  in  the  present  research.  While  our  results  would  not 
warrant  us  in  making  the  al)()ve  statement,  we  lielieve  that  they  are 
sufficiently  uniform  to  justify  us  in  drawing  certain  concliL>^ions  which 
may  be  of  use  in  the  study  of  (;arbohydrate  metabolism. 

Methods:  a.  Chemical.  The  method  proposed  by  MacLean  (4) 
for  the  determination  of  sugar  in  blood,  modified  as  noted  below,  was 
used  throughout  the  work.  The  modification  consisted  in  the  substitu- 
tion of  phosphotungstic  acid  as  the  protein  precipitant  in  place  of  the 
one  originally  described.  This  necessitated  the  preparation  of  a  new 
conversion  table,  but  as  no  particular  (Hfficulties  were  encountered, 
and  as  the  reasons  for  the  modification  will  be  discussed  elsewhere, 
the  method  will  not  be  further  described  at  the  present  time.  The 
modified  method  was  checked  in  the  usual  ways  and  was  found  to 
recover  glucose  satisfactorily  from  a  solution  in  water,  from  blood  which 
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the  number  of  samples,  to  extend  the  time  somewhat,  especially  when 
large  amounts  of  glucose  are  fed. 

c.  Statistical.  Because  of  the  considerable  variation  in  the  concen- 
tration of  sugar  which  we  found  in  fasting  normal  animals,  we  deemed 
it  desirable  to  introduce  some  of  the  simpler  statistical  conceptions 
into  our  treatment  of  the  results.  If  the  reader  is  not  familiar  with 
the  significance  of  the  terms  which  we  have  used,  he  is  referred  to 
King  (6)  or  to  Yule  (7). 

Experimental:  a.  The  sugar  present  in  the  blood  of  the  rabbit  during 
inanition.  Because  it  is  so  generally  believed  that  the  rabbit  is  not 
fitted  for  work  of  this  kind,  it  was  necessary  for  us  to  justify  its  use 
experimentally  before  attempting  the  feeding  experiments.  This  we 
endeavored  to  do  by  determining  the  sugar  in  the  blood  of  the  rabbits 
which  had  })een  prepared  as  for  the  first  sample  of  an  experimental 
series.  That  is,  they  were  first  kept  quietly  in  the  laboratory  for  a 
few  days  upon  the  standard  diet.  Then  after  an  inanition  period  of 
about  24  hours,  a  sample  of  blood  was  obtained  and  the  sugar  deter- 
mined. Only  the  first  sample  obtained  from  a  given  rabbit  in  any  one 
day  was  included  in  this  series.  It  was,  however,  thought  legitimate 
to  extend  the  series  by  adding  to  it  the  initial  samples  obtained  in  the 
feeding  experiments.  These  latter  constitute  about  40  per  cent  of  the 
entire  series. 

Though  our  data  bearing  upon  emotional  glycemia  in  the  rabbit 
are  not  included  in  the  present  paper,  it  may  not  be  out  of  place  to  state 
that  our  experience  has  been  that  fright  is  usually,  though  not  always, 
accompanied  by  hyperglycemia,  and  that  the  degree  of  hyperglycemia 
does  not  necessarily  follow  the  apparent  emotional  disturbance.  So 
far  as  it  is  possible  to  judge,  the  rabbit  does  not  show  as  great  an  increase 
in  glycemia  for  a  given  degree  of  excitement  as  does  the  cat.  In  this 
connection  it  should  be  remarked  that  the  most  common  emotion  in 
the  cat  is  anger,  rather  than  fright  as  in  the  rabbit. 

No  observations  in  which  the  animals  did  not  conform  strictly  to 
the  standard  conditions  as  outlined  above,  as  well  as  none  in  which  the 
rabbit  was  recorded  as  being  frightened  or  excited  are  included  in  this 
group.  When  the  work  is  limited  in  this  way,  we  have  a  series  of  85 
observations  upon  27  animals  which  may  be  taken  as  being  representa- 
tive of  what  may  be  expected  in  normal  unfrightened  rabbits  that  have 
been  subjected  to  an  inanition  period  of  about  24  hours. 

The  arithmetical  mean  for  the  series  is  118  mgm.  per  100  cc.  of  blood. 
The  median  is  almost  the  same,  116  mgm.  per  100  cc.     As  a  means 
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h.  Alimentary  glycemia  in  rabbits.  Altogether  four  series  were  run. 
Series  1  served  as  a  control  and  was  in  every  way  similar  to  the  others 
except  that  no  sugar  was  administered.     To  each  rabbit  of  series  2  was 


A/e   of  G/ucoi,e  per   /OO  "^  of  3lood 


Fig.  1.  Frequency  curve  showing  the  distribution  of  difTcrent   concentrations 
of  glucose  in  the  blood  of  rabbits  over  the  range  of  occurrence. 

given  1   gram  of  glucose  per  kilogram  of  body  weight,  with  a  varia- 
tion in  dosage  of  ±  0.2  gram  to  each  of  series  3,  2  grams  ±  0.3,  and  to 


.S5_ 


I    Ig'^v 


NovEMBE^  Decrr^3£^  tJj^r^i^'Air-r.  [/g04t>*g'> 


Fig.  2.  Showing  chronological  variations  in  the  concentration  of  sugar  in  the 
blood  of  individual  rabbits.  The  standard  deviation  and  mean  for  the  long  series 
are  included  for  comparison. 


each  of  series  4,  4  grams  with  a  variation  of  ±  0.8  gram.  The  means 
for  each  period  were  determined  separately  for  each  of  the  different 
series,  and  the  standard  deviation  about  each  mean  calculated.     These 


\    or    UUM>0   ftlOAH   L\   THE   RABBIT  525 


-  t:  ^  g  5  a  8  2  t;  5  g  =  :;     _ 

i.  t\  I'.  «'.  {■^  Z  *.  ji  jL  2  'jL       ^ 

k 

*'225*?ii''22i2® 


—  WW 


ri  CI  ri  ;=  I-.  ac  o 

^  ^  s»  o  e  e  o 

-   rt  W5  r-  ••*  «  r»  c 

5  .=  5  1  S  §  2 

.  .^tim 

—  —-_-.  —  —  .-  -c  —  ri  •«  e^  w  tc  f    ' 

^->ct-ac»2i:ii22i;2'-2:2?j?J?jM 

TABLE  2 
The  control  series.    No  sugar  was  fed 


« 

M  3 

SUGAR  PER  100  CC. 

OF  BLOOD 

2 

a! 

Q 

3 

W 

ca 
s 

Z 
H 

B 

H 
o 

Q 
0 

a 

0 

B 

0 

a  n 

[3 

'a 

Elours  after  initial 

BEMARKS 

5 

13 

i 

1 

2 

3 

/9^J    ,, 

kgm. 

lyrn  /w.s 

grains 

mgm. 

■mgm. 

mgm. 

mgm. 

mgm. 

47 

9-14 

1 

2.00 

— 

— 

107 

105 

114 

120 

120 

48 

9-14 

4 

1.80 

— 

- 

90 

94 

94 

102 

107 

67 

11-26 

18 

2.05 

— 

- 

118 

114 

111 

98 

98 

68 

11-26 

1922 

20 

2.50 

— 

— 

102 

105 

102 

110 

110 

71 

1-7 

21 

2.66 

— 

— 

123 

152 

140 

171 

150 

83 

6-3 

26 

1.65 

— 

— 

100 

114 

115 

116 

116 

84 

6-3 

27 

1.55 

- 

- 

114 

127 

114 

89 
115 

125 

Mean 

108 

116 

113 

118 

Standard  ( 

levia 
meai 

tion 

±10.6 

±17.6 

±13.2 

±24.8 

±15.4 

Adjusted 

i;    coi 

rectic 

)n 

-f 

10.... 

118 

126 

123 

125 

128 

TABLE  3 
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2.  At  the  end  of  the  first  half  hour:  a.  The  position  of  the  mean  for 
the  1-gram  series  is  well  above  that  of  the  controls,  and  while  the  range 
of  standard  deviation  overlaps  that  of  the  control  series  to  some  extent, 
it  lies  wholly  above  the  mean  for  that  series  and  extends  far  above  its 
upper  limit  of  deviation.  There  would  seem  then  to  be  little  question 
that  the  administration  of  this  amount  of  glucose  will  in  most  cases 
cause  a  considerable  rise  in  the  concentration  of  sugar  in  the  blood 
at  the  end  of  half  an  hour;  though  there  will  be  a  few  cases,  say  one 
in  five,  which  would  give  values  of  the  same  order  of  magnitude  as  would 
be  expected  in  fasting  individuals. 

h.  The  position  of  the  means  for  the  2-  and  the  4-gram  series  indicates 
a  still  greater  rise,  and  here  even  the  lower  limits  of  the  ranges  of 
standard  deviation  are  well  above  the  upper  limit  of  that  of  the  control, 
i.e.,  there  is  no  overlapping.  From  this  we  would  expect  to  find  very 
few  animals  in  either  series  giving  values  which  could  be  confused 
with  those  given  by  control  animals.  On  the  other  hand,  one  could 
not  so  surely  distinguish  between  these  two  series  and  the  one  gram 
series,  as  here  there  is  considerable  overlapping. 

c.  The  concentration  of  sugar  in  the  blood  drawn  at  this  time  would 
give  no  information  as  to  whether  2  or  4  grams  of  glucose  were  fed,  as 
in  these  cases  the  overlapping  of  the  ranges  of  deviation  is  complete 
and  the  means  are  practically  identical. 

3.  At  the  end  of  an  hour  the  mean  for  the  1-gram  series  has  fallen 
markedly,  and  its  range  of  standard  deviation  now  extends  below  that 
for  the  control  series.  We  would  now  hardly  expect  more  than  two 
observations  in  three  to  be  distinguishably  higher  than  the  controls. 
The  means  for  the  2-  and  the  4-gram  series  have  separated  somewhat, 
the  former  having  fallen  slightly  while  the  latter  continued  to  rise. 
Their  ranges  of  standard  deviation  are  even  farther  above  that  of  the 
control  series  than  they  were  at  the  end  of  the  half  hour.  There 
should,  consequently,  be  little  confusion  between  animals  to  which 
these  amounts  of  sugar  had  been  fed  and  fasting  animals.  In  the  same 
way  there  should  be  little  confusion  between  the  1-  and  the  4-gram 
series.  On  the  other  hand  it  would  not  be  possible  to  certainly  dis- 
tinguish individuals  of  the  2-gram  series  from  either  of  the  others  to 
which  sugar  had  been  fed. 

4.  At  the  end  of  2  hours  the  mean  for  each  of  the  three  experi- 
mental series  has  fallen  markedly;  that  for  the  1-gram  series  being  even 
below  that  for  the  controls.  This  taken  together  with  the  position  of 
the  range  indicates  that  while  under  these  conditions  there  mav  be  a 
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the  rate  at  which  ghicose  can  be  absorbed  from  the  intestine,  regardless 
of  the  amount  ingested.  The  mechanism  of  this  is  probably  bound  up 
with  the  facts  revealed  in  Heidenhain's  classical  experiment,  but  we 
will  not  enter  further  into  this  now  as  it  is  the  fact  rather  than  the 
mechanism  in  which  we  are  interested.  Judged  from  the  present  ex- 
periments this  limit,  for  the  rabbits  studied,  was  reached  when  some- 
what less  than  2  grams  of  glucose  per  kilogram  of  body  w^eight  were  fed. 

If  the  rate  of  absorption  is  no  more  rapid  after  feeding  4  grams  than 
it  is  after  2  grams  are  fed,  we  should  expect  the  maximum  rate  of  absorp- 
tion to  extend  over  a  longer  period  for  the  former  than  for  the  latter 
case,  as  there  would  be  a  larger  supply  in  the  intestine  and  so  the  intes- 
tinal concentration  would  be  maintained  above  the  minimum  required 
for  the  maximum  rate  of  absorption  for  a  longer  period.  If,  now,  the 
rates  of  absorption  and  elimination  from  the  blood  have  not  come  into 
equilibrium,  after  half  an  hour,  sugar  would  continue  to  accumulate 
in  the  blood  imtil  such  a  time  as  equilibrium  did  occur.  This  is  illus- 
trated in  the  4-gram  series  and  by  the  ''delayed  maximum"  found  in 
normal  men  when  large  doses  of  glucose  are  given,  and  which  is  said 
by  some  to  resemble  the  diabetic  curve. 

According  to  the  proposed  interpretation,  the  rate  of  absorption 
will  fall,  and  at  an  increasing  rate,  as  the  intestinal  concentration  is 
reduced  below  the  minimal  amount  required  to  maintain  the  maximum 
rate  of  absorption.  Removal  of  sugar  from  the  blood  will,  for  a  time, 
take  place  somewhat  more  rapidly  than  absorption  and  the  glycemia 
will  be  reduced,  provided  the  store  houses  have  not  become  overloaded. 
In  the  case  of  diabetics,  the  store  houses  are  to  a  greater  or  less  degree 
eliminated  functionally,  so  that  elimination  from  the  blood  must  take 
place  largely  or  wholly  through  the  kidneys,  and  so  the  process  is 
delayed.  This  in  turn  delays  the  absorption  and  results  in  the  long- 
maintained  high  level  shown  in  the  typical  diabetic  curve. 

From  the  above  it  follows  that  the  higher  the  amount  of  sugar  fed 
and  the  consequent  higher  glycemia,  the  more  rapid  will  be  the  fall 
after  it  once  begins.     This  is  illustrated  bj'  the  curves  shown  in  figure  3. 

At  first  thought  it  might  appear  that  this  is  not  in  accordance  with 
what  Strouse  (8)  implies  when  he  likens  the  curves  obtained  from  normal 
men  who  have  received  hea\y  doses  of  glucose  to  the  diabetic  curve 
and  says  that  the  difference  between  normal  and  diabetic  men  is  only 
quantitative  and  not  qualitative.  However,  it  is  quite  possible  that, 
had  the  curve  for  the  men  been  studied  after  it  had  begun  to  fall,  the 
rapid  decline  would  have  been  as  evident  as  it  is  in  the  case  of  the  rabbits. 
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rabbits,  when  determined  by  IMacLean's  method  and  presumably  also 
by  that  of  Folin  and  Wu,  is  118  mgm.  per  100  cc.  of  blood  with  a  stand- 
ard deviation  of  about  ±  22  mgm. 

3.  When  rabbits  are  fed  1  gram  of  glucose  per  kgm.  of  body  weight, 
there  is  a  sharp  rise  in  the  concentration  of  sugar  in  the  blood  which 
reaches  a  maximum  at  about  |  hour  after  feeding,  falls  to  normal  at 
the  end  of  2  hours,  and  is  frecjuently  followed  by  a  distinct  hypogly- 
cemia 3  hours  after  ingestion  of  the  glucose. 

4.  When  2  or  4  grams  per  kgm.  are  fed,  there  is  a  tendencj'  to  form 
a  plateau  at  the  maximum  which  is  more  marked  and  is  maintained  for 
a  longer  time  with  the  larger  amount  and  hypoglycemia  is  not  apparent 
during  the  3-hour  period  studied. 

5.  The  rate  of  descent  is  more  rapid  the  higher  the  concentration 
of  sugar  in  the  blood,  after  it  has  once  begun,  though  heavy  doses  will 
delay  its  onset. 

6.  There  seems  to  be  a  maximum  rate  of  absorption  from  the  intestine 
beyond  which  the  organism  can  not  go,  regardless  of  the  amount  of 
sugar  fed. 

7.  Because  of  the  rather  striking  variations  in  the  characteristics  of 
the  curves  obtained  after  feeding  different  amounts  of  sugar,  it  is 
suggested  that  the  standard  dosage  of  glucose  be  adjusted  to  the  body 
weight  in  sugar  tolerance  tests. 
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The  phase  rule,  le  Chatelier's  theorem,  and  the  other  principles  of  physical 
chemistry  may  be  said  to  represent  the  physiology  of  chemistry,  inasmuch  as 
they  deal  with  the  deportment  of  systems,  as  opposed  to  the  older  morphologi- 
cal or  structural  point  of  view  of  the  earlier  chemists. 

The  present-day  conceptions  of  the  phrase  rule  and  of  the  theorem  of  le  Chatelier 
may  be  given  in  the  form  in  which  one  finds  them  in  a  modern  text  on  physical  chemistry. 
"  The  Phase  Rule  states  that,  a  system  consisting  of  n  components  and  r  phases  is 
capable  of  (n  —  r-\-2)  independent  variations.  That  is,  the  number  of  independently 
variable  quantities  or  '"degrees  of  freedom"  of  such  a  system  is  (n  —  r  +  2).  This 
refers,  of  course,  to  the  equilibrium  state  finally  reached.  Denoting  the  number  of  de- 
grees of  freedom  by  /,  we  can  write  the  Phase  Rule  in  the  form  of  the  equation — 

f  =  n  —  r  -j-  2." 

"The  principle  (of  le  Chatelier)  may  be  stated  as  follows:  When  a  factor  deter- 
mining the  equilibrium  of  the  system  is  altered,  the  system  tends  to  change  in  such  a 
way  as  to  oppose  and  partially  annul  the  alteration  in  the  factor.  The  same  idea  is  con- 
veyed by  saying  that  every  system  in  equilibrium  is  conservative,  or  tends  to  remain 
unchanged.  That  is,  considering  a  physical  or  chemical  system  in  equilibrium,  the 
equilibrium  being  fixed  by  the  nature  of  the  system  and  conditions  such  as  tempera- 
ture and  pressure,  the  principle  states  that  if  we  alter  one  of  these  conditions  or  param- 
eters, say  the  temperature,  the  system  will  change  in  such  a  direction  as  to  tend  to 
annul  this  change  in  temperature." ' 

If  the  reactions  in  living  matter  are  physico-chemical  reactions,  the  prin- 
ciples of  physical  chemistry  should  apply  to  some  phases  of  physiology.  And 
if  physiology  has  any  contributions  to  make  to  evolution,  these  contributions 
must  be  in  the  applications  of  its  fundamental  principles. 

Various  definitions  of  physiology  have  been  given,  one  of  which  is  that 
physiology  is  the  application  of  physics  and  chemistry  to  the  processes  in 
living  matter.  Another  definition  given  by  Burdon  Sanderson  (1893)  is 
"  physiology  is  the  study  of  the  relations  of  the  parts  of  the  organism  to  each 
other."  Burdon  Sanderson  pointed  out  also  that  the  processes  in  the  organ- 
ism go  on  in  the  interest  of  the  organism. 

More  recently  Haldane  (1914)  has  paraphrased  this  remark  by  saying 
that  the  changes  in  the  organism  occur  in  response  to  changes  in  the  environ- 
ment in  such  a  direction  as  to  conduce  to  the  continued  life  of  the  organism. 
I  have  elsewhere  (Hastings.  Coombs  and  Pike,  1921)  expressed  the  view  that 
certain  phases  of  adaptation  may  be  considered  as  a  special  case  of  the  theorem 
of  le  Chatelier.  I  have  also  (1915,  1921)  given  two  specific  examples  under 
this  theorem,  that  of  the  dog  when  the  temperature  of  the  environment  is 
raised,  and  that  of  the  cells  of  the  respiratory  center  when  a  change  occurs 
in  the  volume  of  blood  flowin<r  throueh  them  in  unit  time.  In  each  case  the 
reaction  of  the  organism  or  of  the  cells  is  opposite  in  direction  to  that  of  the 
change  occurring  in  the  environment. 

'  Lewis,  A  System  of  Physical  Chemistry,  Vol.  II,  p.  229,  p.  100. 
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tion  is  as  yet  but  little  understood,  by  which  the  reaction  of  a  dog  to  a  change 
in  the  external  temperature  occurs,  or  the  nature  of  the  respiratory  system, 
to  see  that  the  mechanisms  by  which  these  reactions  are  brought  about  in 
higher  organisms  have  most  certainly  arisen  in  organic  evolution.  Despite 
the  arguments  of  those  who  look  only  to  the  physico-chemical  phases  of  the 
life  processes  in  organisms,  I  see  no  good  reason  why  the  physiologists  should. 
at  present,  relinquish  the  idea  of  adaptation  in  the  Darwinian  sense;  and  if  I 
am  right  in  my  contention,  it  is  these  reactions  which  lie  at  the  bottom  of  all 
adjustments  of  the  organism  to  the  environment.  By  the  same  token,  it  is 
these  reactions  which  should  be  of  great  interest,  from  the  point  of  view  of 
physiology  at  least,  in  the  whole  study  of  ecology  (Pike.  '^3). 

The  biologist  may  again  recall  that  the  origin  of  the  term  ecology  is  to  be 
traced  back  to  Treviranus.  Among  recent  reaffirmations  of  the  principle  of 
adaptation,  one  may  cite  that  of  Hooker  (1917).  In  his  consideration  of 
Liebig's  "  Law  of  the  Minimum,"  Hooker  points  out  that  the  cases  in  which 
it  does  not  hold — i.e.,  the  cases  in  which  the  growth  of  the  plants  is  greater 
than  would  be  expected  from  the  amount  of  the  particular  inorganic  salt  which 
is  present  in  least  concentration — are  of  the  greatest  interest,  and  he  cites 
these  as  examples  of  adaptation. 

The  foregoing  statements  serve  to  point  a  moral  concerning  some  present- 
day  tendencies  in  biology  and  more  particularly  in  physiology.  The  attempt 
at  the  rigid  application  of  the  principles  of  physical  chemistry  to  processes  in 
the  organism  without  reference  to  the  biological,  but  not  vitalistic,  elements 
may  lead  us  into  error.  It  is  worth  pointing  out.  too.  that  the  phase  rule  as 
such  is  not  directly  applicable  to  the  processes  in  living  organisms.  The 
reason  for  this  is  not  far  to  seek. 

The  conditions  of  equilibrium  in  slow  reactions  are  considered  in  detail 
under  the  phase  rule  of  W'illard  Gibbs.  It  is  a  primal  requirement  for  the 
establishment  of  equilibrium  in  any  system  that  the  position  or  point  of 
equilibrium  may  be  approached  from  either  direction.  The  processes  in  liv- 
ing organisms  are.  in  part  at  least,  not  reversible  reactions,  but  reactions  which 
go  on  in  one  direction  only.  One  can  not  deny,  of  course,  that  there  are 
many  reversible  reactions  going  on  in  the  organism.  Compounds  may  be 
built  up  in  a  muscle,  for  example,  which  pass  through  reactions  which  are  in 
part  reversible.  The  glycogen  of  a  muscle  is  broken  down  to  lactic  acid  in 
muscular  contraction,  and  the  greater  part  of  this  lactic  acid  may  be  resyn- 
thetized  to  glycogen  in  the  period  following  contraction.  The  remainder  of 
the  lactic  acid  is  reduced  to  carbon  dioxide  and  water.  The  animal  organism 
does  not.  however,  resynthetize  the  carbon  dioxide  and  water  to  a  carbo- 
hydrate, that  process  bein?  reserved  for  green  plants  alone.  \\'hile  certain 
particular  reactions  in  metabolism  are  reversible,  the  process  as  a  whole  is  not 
reversible.  Although  Cuvier  CM.  Henderson.  IQ13)  probablv  had  little 
knowledge  of  reversible  and  irreversible  reactions,  he  recognized  clearlv  that 
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only  by  theoretical  considerations  (7),  (8),  (9)  but  by  actual  experi- 
ment as  well. 

Physiologically,  excitation  of  the  vestibule  gives  rise  to  certain  ob- 
jective reactions  of  the  eyes,  the  muscles  of  the  limbs  and  trunk,  and 
of  certain  viscera.  Not  all  of  these  reactions  are  peculiar  to  excitation 
of  the  vestibule,  but  some  combinations  of  reactions  can  be  found 
which  do  appear  to  be  peculiar  to  excitation  of  the  vestibule. 

Considered  psychologically,  the  view  recently  faken  by  psychologists 
is  that  there  is  no  mental  quality  arising  from  excitation  of  the  vesti- 
bule that  is  discoverable  on  introspection.  The  general  mental  picture 
arising  from  any  of  the  various  experimental  methods  of  excitation 
of  the  vestibule  is  rather  to  be  considered  as  the  integration  of  the 
various  organic  results  of  vestibular  excitation  and  the  mental  conse- 
quences of  these  organic  results  than  as  something  due  to  the  vestibular 
endings  alone  (10). 

The  literature  on  the  vestibule  is  enormous,  probably  including  in 
all  its  phases  about  two  thousand  separate  papers.  A  complete  bibliog- 
raphy alone  would  require  more  space  than  can  be  devoted  to  the 
entire  paper.  The  most  complete  recent  bibliography  of  the  subject 
is  given  by  Griffith  (11).  Only  a  part  of  the  physiological  reactions 
arising  from  excitation  of  the  vestibule  can  be  considered  at  this  time, 
without  going  very  far  into  the  vexed  question  of  its  central  connections 
in  the  nervous  system. 

Although  the  early  work  on  the  vestibule  was  done  on  birds  and 
mammals  and  even  on  the  human  subject,  it  seems  best  to  depart 
from  the  traditional  historical  method  of  presentation  and  consider 
the  effects  of  vestibular  excitation  or  extirpation  with  reference  to  its 
comparative  relationships.  Although  no  true  phylogen\'  of  function 
can  be  given  until  the  paleontologist  and  systematist  have  given  us  a 
more  complete  and  logical  account  of  vertebrate  ancestrj'  and  descent 
than  is  now  available,  there  is  still  a  sufficient  amount  of  difference  in 
the  reactions  to  vestibular  excitation  at  various  levels  in  the  animal 
phylum  to  make  such  a  method  of  presentation  worth  while. 

The  vestibule  has  been  generally  considered  to  be  related  to  the 
maintenance  of  equilibrium.  It  is  evident,  however,  that  it  cannot 
be  the  main  receptive  organ  for  the  maintenance  of  equilibrium  in 
invertebrates,  since  they  do  not  possess  it.  A  general  account  of  the 
mechanisms  in  invertebrates  has  been  given  by  Bethe  (12),  who  points 
out  that  some  of  them  maintain  their  normal  position  in  space  merely 
by  their  structure,  that  is,  the  distribution  of  the  mass  of  the  bodv  with 
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Cyclostomes  does  not  partake  of  the  character  of  the  strong  swimming 
fishes,  and  the  whole  motor  mechanism — nervous  and  muscular,  shows 
a  less  high  stage  of  development.  Like  Amphioxus,  Bdellostoma  has 
no  fins,  and  its  body  is  more  like  the  cylindrical  Balanoglossus  than 
like  the  bilaterally  compressed  Amphioxus.  "While  it  has  the  sense 
organs  for  the  perception  of  the  change  of  aspect  of  the  head  in  space, 
it  has  no  paired  effectors  or  fins  which  may  react  in  a  special  way  to 
excitation  of  the  vestibule.  As  Willey  points  out,  the  maintenance  of 
equilibrium  is  easier  when  the  body  is  cylindrical  than  when  it  is  bi- 
laterally compressed,  as  in  Amphioxus.  Bdellostoma  swims  with 
eel-like  movements  of  the  body,  and  when  at  rest  on  the  bottom,  curves 
some  part  of  the  body,  usually  the  tail,  to  one  side  or  the  other  to  keep 
it  from  rolling  over. 

Selachians.  The  relatively  large  size  of  the  vestibule,  and  the  fact 
that  the  soft  cartilage  in  which  it  is  embedded  makes  operative  approach 
easy,  have  been  among  the  reasons  why  the  Selachians  or  Elasmobranch 
fishes  have  been  favorite  subjects  of  experimentation.  The  methods 
of  experiment  have  varied  from  complete  removal  of  one  or  both  vesti- 
bules, section  of  the  eighth  cranial  nerve,  removal  of  the  canals  and 
ampullae  without  injury  to  the  utricle,  removal  of  the  utricle  without 
injury  to  the  ampullae,  exposure  and  mechanical  excitation  of  the 
otolith  of  the  utricle,  and  testing  the  reactions  of  the  fins  and  eyes  to  a 
change  in  position  of  the  head  when  the  vestibule  is  intact.  Most  of 
the  observations  have  been  made  upon  some  genus  of  the  dogfish  and 
upon  rays.  All  three  canals  and  the  utricle  and  the  saccule  are  well 
developed  in  Selachians,  and  we  have  for  the  first  time  in  the  vertebrate 
phylum,  a  fully  developed  vestibule  with  all  its  parts  as  it  exists  in 
higher  vertebrates.  Paired  fins  are  also  present  in  Selachians,  and 
we  have  again  the  first  complete  mechanism  for  the  maintenance  of 
the  equilibrium  of  a  bilaterally  compressed  vertebrate  body — sensory 
mechanism,  central  nervous  system  and  effectors  which  may  act  as 
balancing  organs.  The  maintenance  of  the  normal  posture  of  fish 
requires  some  mechanism,  as  Manoyer  (20)  showed  that  fish  smm  in 
labile  rather  than  stable  equilibrium. 

Such  a  balancing  mechanism — a  receptor,  a  central  system  and  the 
effectors— fulfills  Goltz's  (21)  conditions,  and,  although  found  for  the 
first  time  in  living  vertebrates  in  the  Selachians,  exists  in  a  modified 
but  physiologically  adequate  form  in  such  free-swimming  invertebrates 
as  the  crayfish  and  the  lobster.  But  it  is  well  to  state  here  that  the 
vestibule  does  not  constitute  the  only  receptor  which  is  concerned  with 


riBULAR   APPARATUS 


213 


the  niauitenanci- 


<.f  . 


lOiTOftl  position  of  any  vprt4»brate  in  space. 

M  into  account, 

s  a  high  degree 

mechanism  of 

u.     It  is  only  by  keeping 

.  ..uain>^f  .  ifli.-r  of  two  errors — 

attri^njtinK   •  to  the  ir  mechanism, 

or  il- 

1 '  -  "f  t'"'  ilnffish  with  intact  vestibule 

when  roUt«'«i  the  body—  longitudinal 

'I   the  work  of 
,  xiie  more  than  a 
brirf  im  •  inulation  of  the  ampulla  of 

'  f()  roll  upward 

•'  "n  of  the  eyes 

a^Miut  the  fti  axiii  '\»  revcnw*!.     \Mien  the  anterior  canal 

'  '  •  •  •  ■         ,  ,  more 

'  .  ;   -terior 

[K)k»  oi  the  wiinr  M«li'  rifles  more  than  the  anterior.    The  direction  of 
r    '  '  ■  '  ^  '   •'       (if  the 

10  roll 
chl    forward,   and   the  other  eye  straight    backward.     Maxwell 

:ii.  the  eyes  of  both 
i!)ulla  of  a  i>osterior 
canal  is  8timuhit«ti.  and  b.irkward  when  the  ampulla  of  an  anterior  canal 
i.««  fifi:      '        '       •  '  '       •  of  rotation  of  the  two 

cy»>  iing  to   Ma.vwell.  it  is 

the  «unr   wli.ii   the  ampulla  of  the  anterior  canal,  for  example,  is 
stim  .' 

Xa  •  ilarly,  and  possibly  Max^vell,  assumed  that,  in  rotating 

a  dogti.<4ii  about  any  of  the  axes  of  the  body,  the  ampullae  and  not  the 
<•   '  •'  *        '  -    '      ''  _"      '     '         r-fd  that  the  canals 

a  :i  of  movement   in 

curxcd  Imej*.  "  ion.  and  thai  the  otohths  were  con- 

r  -     '         •  nt  in  straight  lines,  i.e.,  linear 

accepted,    although   no   direct 

:  ever  been  given.     In  a  later  paper.  Maxwell 

•'       ':^gfi.sh  to  rotation  when  the  ampullae 

of  ai.  :  without  injury-  to  the  utricle.     All 


214  F.    H.    PIKE 

the  compensatory  movements  of  the  ej^es  persisted  after  such  removal 
of  the  ampullae,  except  those  following  rotation  of  the  animal  about  its 
dorsoventral  axis,  i.e.,  in  the  plane  of  the  horizontal  canals.  It  seems 
clear,  from  Maxwell's  results,  that  the  otoliths  are  concerned,  along  with 
the  ampullae,  in  the  perception  of  angular  acceleration. 

The  converse  of  this  state  of  affairs, — reaction  of  the  ampullae 
after  complete  removal  of  the  utricular  otoliths — was  also  tested  out. 
When  the  utricular  otolith  is  removed  without  injury  to  the  ampullae, 
all  the  compensatory  movements  of  the  eyes  in  response  to  rotation  of 
the  animal  about  any  one  of  the  axes  of  the  body  persist. 

After  removal  of  the  ampullae,  with  conservation  of  the  otoliths, 
the  compensatory  movements  of  the  eyes,  although  prompt,  are  notice- 
ably slower  than  when  the  vestibule  is  intact.  If  seized  while  in  the 
water,  the  animal  strongly  resists  the  attempt  to  turn  it  back  down- 
ward; but  one  feels  that  this  resistance  is  neither  as  prompt  nor  as 
strong  as  in  the  intact  animal  (27).  In  swimming  there  is  a  tendency 
to  sway  from  side  to  side  about  the  longitudinal  axis  like  a  boat  in- 
sufficiently ballasted.  When  the  otoliths  alone  are  removed,  with 
conservation  of  the  ampullae,  the  compensatory  movements  are  slightly 
slower  than  in  the  intact  animal.  Swimming  is  apt  to  be  accompanied 
by  a  slight  rocking  movement  from  side  to  side;  and  if  turned  back 
downward  in  the  water,  the  animal  rights  itself  prompt^,  but  may 
turn  almost  or  completely  over  before  coming  to  rest  in  the  normal 
upright  position. 

The  otolith  of  the  utricle  is  more  easily  accessible  in  the  shovel- 
nosed  ray  (Rhinobatus)  than  in  the  dogfish.  It  may  be  exposed  and 
stimulated  mechanically  in  situ,  after  removal  of  all  the  ampullae. 
Maxwell  (28)  found  that  "pressm-e  on  the  right  side  of  the  otolith  of 
either  ear  produces  the  same  eye  movement  which  results  from  rotation 
of  the  body  to  the  left  about  its  longitudinal  axis,"  i.e.,  the  right  eye  is 
depressed  and  the  left  rolled  upward,  "and  that  pressure  on  the  anterior 
side  of  the  otolith  produces  the  same  movement  of  the  eyes  which  re- 
sults" from  tilting  the  head  upward," — the  eyes  are  rotated  forward 
about  their  visual  axes.  It  is  the  displacement  of  the  otolith  and  not 
the  weight  due  to  the  otolith  which  is  the  actual  stimulus,  and  it  is  the 
direction  of  the  displacement  which  determines  the  direction  of  the 
compensatory  movement. 

Maxwell's  conclusions  are  that  the  assumption  of  a  sharp  differentia- 
tion of  function  between  the  otolith-bearing  portions  of  the  otic  laby- 
rinth and  the  semicircular  canal  portion  is  not  justified  by  the  facts. 
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one  would  expect  about  as  much  irritation  from  destruction  of  the 
ampullae  together  with  their  specialized  nerve  endings  as  from  com- 
plete destruction  of  the  vestibuie.  Yet  Maxwell  found  that  the  re- 
actions of  the  animal,  after  removal  of  the  ampullae  alone,  differed  from 
those  of  the  normal  animal  only  slightly.  Whatever  effects  of  irritation 
may  have  been  manifested  elsewhere,  there  were  extremely  few  which 
were  apparent  in  those  reactions  which  we  have  come  to  look  upon  as 
characteristic  of  vestibular  excitation.  It  is  my  opinion  that  the 
effects  of  irritation  in  connection  with  vestibular  lesions  have  been 
greatly  over-emphasized.  One  might  make  the  same  statement  with 
reference  to  many  other  lesions  of  receptors  or  parts  of  the  central 
nervous  system. 

One  other  permanent  effect  of  bilateral  vestibular  lesions  was  brought 
out  by  Gaglio,  and  that  is  the  loss  of  muscular  strength  following  this 
destruction.  Parker  (32)  also  remarks  that  the  muscle  tonus  of  the 
animal  is  noticeably  reduced  a^ter  bilateral  lesions.  This  can  scarcelj^ 
be  due  to  any  effect  on  the  muscles  themselves,  but  rather  to  the  loss 
of  afferent  impulses  normally  concerned  in  the  maintenance  of  tonus 
or  the  utilization  of  muscular  strength. 

Both  Parker  and  Maxwell  agree  that  the  saccular  otolith  has  little 
or  nothing  to  do  with  vestibular  function  proper.  Parker  regards  it 
as  a  part  of  the  mechanism  of  hearing  in  fish. 

Although  Mach  showed  the  physical  improbability,  even  impossi- 
bility of  actual  currents  of  fluid  in  the  semicircular  canals,  the  hj-poth- 
esis  of  stimulation  of  the  ampullar  nerve  endings  by  currents  set  up 
in  the  canals  has  been  very  popular  among  otologists.  Maxwell  freed 
the  horizontal  canal  for  nearly  its  whole  length,  ligated  it  near  its 
posterior  end  and,  after  cutting  it,  raised  it  so  that  its  plane  was  vertical. 
Rotation  of  the  animal  in  a  horizontal  plane,  about  the  axis  of  the 
canal  in  its  new  position,  was  attended  by  the  usual  reaction  to  rota- 
tion. No  possible  currents  could  have  been  set  up  in  the  canal  mider 
these  conditions,  and  it  is  difficult  to  see  how  any  pressure  could  orig- 
inate in  the  canal  to  be  communicated  to  the  ampulla.  In  the  state- 
ment of  the  mechanism  of  excitation  of  the  ampullar  endings,  Mach, 
Breuer  and  Crum  Brown  supposed  that  pressure  arising  from  the  lag 
of  the  fluid  in  the  canals  during  rotation  was  transmitted  to  the  am- 
pullae. Implicitly,  it  was  assmned  that  the  pressure  arising  in  the 
utricle  from  the  inertia  of  its  contained  fluid  would  either  not  be  trans- 
mitted to  the  ampullae  or,  if  so  transmitted,  would  not  be  effective  in 
stimulating  the  nerve  endings.     When  one  considers  the  mechanics 
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fact  that  bony  fishes  may,  in  time,  recover  abnost  completely  from 
lesions  of  the  internal  ear.  The  immediate  effects  are  therefore  due 
to  shock,  and  not  to  the  loss  of  a  particular  receptor. 

Parker  (34)  found  that  Fundulus  heteroclitus,  after  section  of  both 
eighth  nerves,  lost  the  power  of  maintaining  equilibrium  when  swimming 
rapidly,  and  swam  in  any  position  in  spirals  or  even  in  circles.  In  his 
discussion  of  Tullberg's  view,  Parker  (p.  201)  admits  that  Fundulus 
may  recover  fairly  well  in  a  few  days  after  the  operation,  so  long  as  it 
swims  slowly.  But  it  invariably  loses  this  power  of  maintaining 
equilibrium  if  made  to  swim  rapidly  in  a  large  amount  of  water.  The 
greatest  length  of  life  of  any  animal  after  operation  was  six  weeks, 
but  the  effects  were  clearly  observable  throughout  this  period.  Parker 
attributed  the  partial  recovery  of  the  animal  and  its  faciUty  in  sum- 
ming slowly  to  increased  use  of  the  eyes.  He  admits  that  this  is  an 
assumption  on  his  part,  but  there  is  much  evidence  drawn  from  the 
study  of  reactions  in  invertebrates  to  support  such  a  view.  Until  this 
assumption  is  definitely  shown  to  be  untenable  for  bony  fishes,  Parker 
considers  that  Tullberg's  conclusion  is  premature. 

My  own  view  is  in  accord  with  Parker's.  The  same  arguments  ad- 
duced against  peripheral  irritation  and  shock  in  the  case  of  vestibular 
lesions  in  the  cartilaginous  fishes  apply  with  equal  force  in  the  case 
of  the  bony  fishes.  It  may  be  shown  that  the  loss  of  any  one  sense 
does  not  entail  any  very  severe  permanent  disturbances  of  locomotion 
in  higher  animals.  One  might  conclude,  therefore,  that  no  one  of  these 
sensory  mechanisms  had  much  to  do  with  locomotion.  The  argument 
should  be  carried  a  little  further,  how'ever.  If  no  one  sensorj'  mecha- 
nism has  much  to  do  with  locomotion,  it  should  be  possible  to  eliminate 
all  of  them  and  still  retain  relativel}-  unimpaired  powers  of  locomotion. 
For  if  the  whole  is  equal  to  the  sum  of  all  its  parts,  the  whole  effect 
should  be  relatively  slight.  Common  experience  points  ver^-  strongly 
to  the  conclusion  that  the  total  effect  is  not  relatively  slight.  Since 
Euclid's  argument  has  now  been  subjected  to  criticism  and  analysis 
for  some  centuries  without  suffering  serious  damage,  I  am  inclined  to 
suspect  that  the  fault  may  lie  ia  some  of  our  common  assumptions  con- 
cerning the  functions  of  various  sense  organs  rather  than  with  Euclid's 
reasoning.  The  presumption  is  strong  that  some  of  the  quantities 
concerned  in  physiological  reasoning,  e.g.,  the  effects  of  removal  of 
various  sense  organs,  are  really  variables  instead  of  constants,  as 
Tullberg's  line  of  reasoning  assumes.  The  reason  for  this  variation 
lies  less  in  some  undefined  shock  effect  than  in  the  compensation  for 
the  loss  of  one  sensor}^  mechanism  bv  another. 
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always  to  the  injured  side,  about  its  longitudinal  axis.  The  movements 
are  apparently  involuntary  and  without  fatigue.  If  for  any  reason 
these  movements  cease,  they  can  be  started  again  by  excitation  of  the 
animal. 

Ewald  (38)  found  that  in  Salamandra  maculosa,  there  are  only  slight 
motor  symptoms  as  a  result  of  vestibular  lesions.  After  a  unilateral 
lesion  the  legs  of  the  opposite  (uninjured)  side  are  raised  abnormally 
high,  while  those  of  the  same  side  may  be  dragged  along  the  ground. 

Laudenbach  (39)  removed  the  entire  vestibule,  unilaterally  and 
bilaterally,  and  the  otoliths  alone  in  Siredon  pisciforaiis.  .\fter  uni- 
lateral lesions  of  the  whole  vestibule,  the  animal  rotates  rapidly  about 
its  longitudinal  axis  when  swimming,  turning  always  toward  the  in- 
jured side.  At  first  it  can  not  go  forward  at  all  without  undergoing 
this  rotation.  The  disturbances  are  more  marked  in  young  animals 
than  in  old.  Adults  recover  sufficiently  in  three  or  four  days  to  smm 
slowly  without  turning  over,  but  not  to  swim  rapidly. 

Whether  bilateral  operation  was  done  on  the  same  day,  or  whether 
the  second  labyrinth  was  removed  after  an  interval,  severe  and  per- 
manent disturbances  of  orientation  followed,  when  the  animal  was  in 
the  water.  The  animal  maintained  its  position  on  the  ground  or  at 
the  bottom  of  the  tank  Avell.  It  could  not  maintain  its  nonnal  posi- 
tion at  the  surface  of  the  water,  but  floated  belly  upward  with  the 
nose  under  water.  Any  recovery  that  may  have  occurred  after  removal 
of  one  vestibule  was  lost  after  subsequent  lesion  of  the  second,  so  far 
as  deportment  in  the  water  was  concerned,  and  little  recovery  was 
seen  even  after  fifteen  months.  The  difficulty  in  swimming  was  so 
great  that  the  animal  could  not  get  to  the  surface  for  air,  and  the  gills 
again  began  to  grow  if  the  animal  was  kept  permanently  in  the 
aquarium. 

No  noticeable  disturbances  of  movement  or  equilibrium  follow 
unilateral  or  bilateral  removal  of  the  otoliths  without  injury  to  the 
ampullae. 

The  effect  of  unilateral  and  bilateral  lesions  of  the  whole  vestibule 
in  the  frog  is  so  well  Icnown  from  the  work  of  Schrader  (40),  Ewald  and 
others  as  to  require  no  special  comment  here.  There  is  torsion  of  the 
head  and  body  to  the  injured  side  after  unilateral  operation,  swimming 
in  a  circle  to  the  injured  side  and  turning  to  this  side  in  jumping.  The 
fore  limb  of  the  sound  side  is  strongty  extended  as  if  the  animal  were 
bracing  itself  by  it,  while  the  fore  limb  of  the  injured  side  is  strongly 
flexed. 
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movements  reappear.  There  is  improvement  from  this  time  on,  but 
the  larvae  always  incline  more  or  less  to  the  injured  side,  and  momen- 
tary loss  of  equilibrium  is  noticeable  whenever  they  become  excited. 

Metamorphosis  occurred  at  the  end  of  the  third  month.  Xo  differ- 
ence in  attitude,  whether  at  rest  or  in  motion,  could  be  made  out  in  the 
operated  as  compared  with  the  nonnal  individuals  after  metamorphosis. 
Streeter  thinks  that  the  disappearance  of  the  symptoms  does  not  indi- 
cate any  cure  of  the  condition  set  up  by  the  lesion,  but  that  a  slight 
defect  is  more  difficult  to  recognize  in  the  frog  than  in  the  tadpole. 
As  a  corollary,  he  points  out  that  the  maintenance  of  equilibrium  in  the 
tail-swimming  tadpole  is  dependent  upon  a  more  delicately  balanced 
mechanism  than  in  the  leg-swimming  frog.  It  might  be  pointed  out, 
also,  that  a  more  perfect  set  of  peripheral  effectors  for  the  maintenance 
of  equilibrium  is  present  in  the  frog. 

After  bilateral  operation,  there  was  practically  no  difference  to  be 
made  out  in  the  appearance  of  the  operated  and  the  control  larvae 
for  the  first  three  days.  On  the  fourth  daj^  after  the  operation,  they 
are  decidedly  less  active  than  the  controls,  or  than  larvae  with  one 
auditory  vesicle  only  removed.  They  make  no  swimming  movements, 
but  wriggle  along  on  the  bottom  of  the  dish.  Seven  days  after  opera- 
tion, they  are  smaller  than  one-sided  or  control  specimens.  They  are 
symmetrical  in  form,  but  are  less  active  and  make  only  unsuccessful 
attempts  at  swimming.  Twelve  days  after  operation,  any  attempts 
at  swimming  resulted  in  a  series  of  somersaults,  after  which  they  sank 
to  the  bottom  in  almost  any  position.  There  is  great  difficulty  in 
feeding,  and  wriggling  movements  along  the  bottom  are  not  as  well 
executed  as  on  the  fourth  and  fifth  days  after  operation.  The  lar^-ae 
could  not  be  carried  much  beyond  two  months  of  life,  as  they  seemed 
unable  to  get  food,  and  to  go  to  the  surface  for  air  as  normal  larvae  do. 
They  w^ere  only  about  one  third  as  large  as  the  controls  at  this  time, 
and  had  no  more  ability  to  swim  than  they  had  a  few  days  after  the 
operation. 

One  may  remark  that  the  severity  of  the  effects  of  a  bilateral  lesion 
is  much  more  than  twice  that  of  the  effects  of  a  unilateral  lesion.  This 
great  difference  in  severity  of  effects  seems  difficult  to  account  for  on 
any  other  basis  than  the  compensation  for  the  loss  of  only  one  auditorj- 
vesicle  by  the  other.  And  the  larval  form,  while  it  compensates  quite 
as  perfectly  as  the  adult  for  the  loss  of  but  one  ear,  is  much  less  able 
to  compensate  for  the  loss  of  both  than  is  the  adult. 
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apparently  may  all  be  comprised  in  the  usual  cycle  of  acceleration  and 
augmentation  of  the  respiratory  movements.  Bilateral  removal  of 
the  otoliths  does  not  affect  the  response  to  movement  in  a  vertical 
direction,  that  is,  to  linear  acceleration,  but  complete  removal  of  both 
vestibules  abolishes  the  response.  BrowTi  supposes  that  the  ampullae 
may  respond  to  movement  in  a  straight  line,  and  departs  from  Breuer's 
and  Ach's  views.  Extirpation  of  both  vestibules  has  no  permanent 
effect  upon  the  respiratory  movements,  although  there  is  indication 
of  some  temporaiy  loss  of  tonus  of  the  muscles  of  the  floor  of  the  mouth. 

Reptiles.  The  reptilian  brain  represents  the  highest  type  of  general- 
ized brain.  The  superficial  layer  of  gray  matter  on  the  cerebral  cortex 
has  increased  in  amount,  as  compared  with  the  batrachian  brain  (45) 
and  there  is  some' representation  of  the  central  terminations  of  the  optic 
fibers  in  the  cerebral  hemispheres  (46).  In  higher  vertebrate  phyla, 
there  is  development  of  the  avian  brain  on  the  one  hand  characterized 
by  the  relative  preponderance  of  the  cerebellum,  and  the  mammalian 
brain  on  the  other  hand,  characterized  bj^  the  relative  preponderance  of 
the  cerebral  hemispheres.  The  vestibule  is  enclosed  in  hard  bone,  so 
that  sharply  localized  lesions  of  its  various  parts  are  not  easy  to  effect, 
and  the  mode  of  reproduction  renders  the  extirpation  or  transplanta- 
tion of  the  embryonic  vestibule  more  difficult  than  in  some  batrachians. 
The  variations  in  body  form,  from  the  extremely  elongated  serpents 
without  any  limbs  whatsoever,  to  the  turtles  with  their  extremely 
stable  base  of  support  for  the  body  and  long  mobile  neck,  afford  an 
opportunity  for  study  of  the  effects  of  lesions  of  one  peripheral  sense 
organ  upon  various  types  of  locomotion  in  one  phylum,  and  upon  various 
parts  of  the  body  as  well. 

Trendelenburg  and  Kiihn  (47)  used  the  European  swamp  tortoise, 
Emys  lutaria,  for  experiment.  After  unilateral  operation,  they  ob- 
served torsion  of  the  head  to  the  injured  side  when  the  head  was  in  the 
shell  and  bending  of  the  head  to  the  injured  side  when  it  was  protruded. 
Slow  progression  on  the  land  was  not  attended  by  any  unusual  disturb- 
ance. The  torsion  of  the  head  and  neck  is  permanent,  but  there  is 
no  turning  to  one  side  in  progression.  The  swamp  tortoise  is  more 
active  in  the  water  than  on  the  land,  and  more  marked  disorders  appear 
m  swimming  than  in  crawling.  ^\]^Qn  at  rest,  the  injured  side  is  lower 
in  the  water,  and  in  swimming  there  is  movement  in  a  circle  to  the 
injured  side.  Frequently  the  animal  spins  about  a  dorsoventral  axis. 
It  rights  itself  when  placed  back  downward  in  the  water. 
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Control  specimens  grasped  pieces  of  fish  placed  in  the  enclosure  readily 
and  accurately.  The  body  is  held  immovable  and  the  neck  and  head  are 
suddenly  thrust  out.  The  jaws  close  with  a  snap  as  the  food  is  reached, 
and  the  head  is  quickly  retracted.  I  have  seen  a  turtle,  Chrj'-semys, 
repeatedly  grasp  at  food  after  bilateral  operation,  without  ever  touching 
it.  The  head  was  retracted  after  each  failure  and  again  thrust  out, 
only  to  go  to  one  side  or  the  other  or  above  or  below  the  desired  morsel. 
Although  evidently  hungry,  the  animal  might  finally  give  up  the 
attempt  to  grasp  the  food  and  crawl  away.  The  broad  flat  bod}-  of  the 
turtle  affords  a  secure  basis  of  support,  and  the  inability  to  grasp  the 
food  signifies  that  the  animal  is  unable,  even  with  the  aid  of  its  eyes  and 
muscular  sense,  to  control  the  rapid  movements  of  the  head  accurately. 
These  erratic  movements  of  the  head  bring  out  sharply  the  importance 
of  Crum  Brown's  statement  that  the  function  of  the  vestibule  is  to 
give  information  of  the  aspect  or  change  of  aspect  of  the  head  in  space. 
The  vestibule  is  a  proprioceptive  structure  whose  biologicalh'  adequate 
stimulus  arises  from  the  aspect  or  change  of  aspect  of  the  head  in  space, 
from  the  aspect  or  change  of  aspect  of  no  other  part  of  the  bod}'  in 
space.     Its  loss  leads  to  centripetal  ataxia. 

Electrical  stimulation  of  the  ear  of  the  turtle  is  easily  accomplished 
(50).  "\\^ien  the  direct  current  from  fifteen  to  twenty  dr\'  cells  is 
passed  through  the  head  from  one  ear  to  the  other,  there  is  a  movement 
of  the  body,  brought  about  largely  by  the  hind  feet,  so  that  the  head  is 
turned  toward  the  side  of  the  anode.  The  response  persists  after 
decereb  ration. 

Loeb  (51)  brought  out  the  important  principle  in  the  homed  toad 
Phrynosoma,  of  the  algebraic  summation  of  optical  and  vestibular 
stimuli  or,  as  he  calls  them,  hcliotropic  and  geotropic  effects  in  the 
elicitation  of  compensatoiy  movements  duruig  and  after  rotation. 
"Wlien  the  lizard  is  rotated,  with  ears  intact  and  eyes  closed,  a  speed  may 
be  found  which  will  elicit  barely  perceptible  compensator)-  movements 
of  the  head  during  rotation.  But  on  suddenly  stopping  the  rotation 
the  animal  will  exhibit  very  marked  compensatory  movements.  With 
the  eyes  open  the  effects  are  just  the  reverse.  Two  animals,  one  with 
the  eyes  open  and  the  other  with  the  eyes  closed,  may  be  placed  on  the 
same  turning  table  at  the  same  time,  and  these  differences  in  deport- 
ment noted  under  exactly  the  same  conditions  of  speed  of  rotation  and 
suddenness  of  stopping.  If  the  visual  field  is  rotated  at  the  same  speed 
as  the  animal,  the  effects  with  the  eyes  open  are  the  same  as  with  the 
eyes  closed.     If  an  endless  roll  of  paper  with  wide  vertical  lines  marked 
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to  the  injured  side.  Movements  of  the  head  may  persist  for  some  time 
after  crawling  has  ceased.  These  observations  were  confirmed  by 
Trendelenburg  and  Kiihn.  They  found  that  the  rolling  movements 
of  the  body  occur  only  when  the  snake  is  on  a  smooth  surface,  and  not 
on  a  rough. 

After  bilateral  operation,  the  position  when  at  rest  differs  in  no  notice- 
able respect  from  the  normal.  But  uncertainty  is  apparent  as  soon 
as  the  snake  attempts  to  move.  The  head  moves  back  and  forth  like 
a  pendulum,  with  only  momentary  interruptions.  If  the  snake  is 
grasped  by  the  anterior  part  of  the  body  and  shaken,  the  head  moves 
aimlessly  back  and  forth.  In  a  normal  animal  the  head  moves  along 
with  the  body.  In  swimming  the  head  sways  from  side  to  side  with 
the  movements  of  the  body  instead  of  maintaining  its  median  position, 
as  in  the  normal  specimen.  Spiral  bending  and  swimming  occur  at 
times.  The  back  upward  position  in  the  water  is  very  stable,  even 
when  the  eyes  are  closed  with  collodion.  Only  when  dropped  from 
a  height  does  the  snake  turn  ventral  side  up  in   the  water. 

Most  of  the  actual  information  derived  from  a  exixrimcntal  source 
as  to  the  function  of  various  parts  of  the  vestibule  and  the  mechanism 
of  excitation  has  come  from  the  study  of  the  representatives  of  the  three 
lower  phyla  of  vertebrates.  The  role  of  the  receptor  in  giving  the  animal 
control  of  the  movements  of  the  head  is  clear  from  a  study  of  the 
experimental  results.  The  difference  in  effect  of  unilateral  or  bilateral 
lesions  upon  various  closely  related  fonns  with  dilTcrent  methods  of 
progression,  but  all  of  which  are  alike  in  possessing  a  central  nervous 
system  which  does  not  show  any  very  high  degree  of  development,  a^ 
compared  with  the  mammalian  type,  and  which  vary  from  forms  which 
spend  their  whole  life  in  the  water  to  those  which  enter  the  water  only 
incidentally,  are  better  shown  here  than  in  any  other  animal  tyjx's  used 
for  experiment.  One  finds  all  variations  from  no  receptor  whose  nor- 
mal mechanism  of  excitation  depends  upon  the  aspect  or  change  of 
aspect  of  the  head  in  space,  and  no  special  cfi"ectors  for  correcting  any 
variation  of  the  head  or  body  from  the  normal  position,  to  a  specialized 
receptor  and  a  complete  equipment  of  effectors.  In  between  these 
extremes  there  are  rudimentary  or  primitive  effectors,  or  even  their 
total  absence.  The  eel  and  the  serpent  have  no  special  effectors  aside 
from  the  general  musculature  of  the  body.  There  are  no  paired  ap- 
pendages. But  the  presence  of  the  specialized  receptor  enables  the 
animal  so  to  manipulate  or  control  its  general  body  musculature  that 
all  variations  of  the  body  and  head  from  the  nomial  position  may  be 
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such  sensations,  but  their  analysis  leads  one  into  the  central  nervous 
system  rather  than  to  mere  lesions  of  peripheral  receptors.  A  funda- 
mental principle  in  the  interpretation  of  the  effects  of  central  nervous 
lesions  in  different  animal  forms  enters  in  here,— the  principle  of  the 
migration  of  function  toward  the  anterior  or  cephahc  portion  of  the 
central  nervous  axis  (46). 

Birds.  The  vestibule  of  birds  has,  from  the  time  of  Flourens  to  the 
present,  held  a  central  place  in  the  study  of  its  function.  The  work  of 
Flourens  on  the  experimental  elimination  of  the  internal  ear  marked 
the  first  stage  in  the  experimental  study  of  this  receptor.  The  second 
stage  began  when  Goltz  (21)  foraiulated  his  theor\-  tliat  the  semi- 
circular canals  were  sense  organs  for  the  perception  of  the  position  of 
the  head  in  space.  He  proposed  a  hydrostatic  theor\"  of  stimulation 
of  the  vestibule  through  changes  in  hydrostatic  pressure  of  the  fluid 
with  the  changing  position  of  the  head  in  space.  The  hydrostatic 
theory  fell  into  disuse  after  the  development  of  the  dynamic  theor>'  of 
Mach,  Breuer  and  Crum  Brown.  There  is  abundant  evidence  that  the 
dynamic  theory  is  applicable  under  many  conditions  of  animal  activity, 
but  to  discard  totally  the  hydrostatic  theorj'  at  present  seems  premature. 
We  have  only  to  remember  that  the  change  in  the  position  of  the  eyes 
of  a  normal  dogfish  lasts  as  long  as  the  head  is  held  in  the  changed  posi- 
tion, long  after  any  inertia  of  the  fluid  in  the  vestibule  has  been  over- 
come, to  see  one  possible  application  of  the  hydrostatic  theor>'.  That 
it  is  not  necessarily  due  to  displacement  of  the  otohths  is  shovNTi  by  the 
fact  that  the  same  displacement  of  the  eye  occurs  after  removal  of  the 
otoliths. 

Ewald  (56)  called  attention  to  the  state  of  the  vestibular  problem  at 
that  time  in  the  introduction  to  his  first  paper  on  the  function  of  the 
vestibule  in  birds.  Experiments  up  to  that  time  had  yielded,  as  they 
have  up  to  the  present,  conflicting  results.  The  effects  of  vestibular 
lesions  in  birds,  up  to  that  time,  had  been  more  severe  and  more  per- 
manent than  the  effects  of  similar  lesions  in  fishes  or  mammals.  The 
most  reliable  work  on  fishes  has  appeared  since  1887,  and  the  effects  of 
vestibular  lesions  in  birds  have  gained  enormously  in  clearness,  ac- 
curacy and  fulness  of  detail  from  the  work  of  Ewald  himself.  Better 
methods  of  operation  have  been  devised  in  mammals,  and  the  observa- 
tions of  the  effects  of  lesions  have  been  more  carefully  made  since  that 
time,  but  the  differences  in  effect  which  Ewald  noted  are  still  more  or 
less  apparent.  The  immediate  effects  of  operation  are  very  similar 
in  severity  in  all  types  of  vertebrates  which  have   come   under  my 
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stances,  in  contact  with  a  solid  surface,  that  of  the  earth  itself,  only 
occasionally,  depending  largely  upon  habit,  going  into  the  water  or  into 
the  air.  Birds  go  into  an  even  more  unstable  medium  than  water, — the 
air.  It  seems  to  me  that  we  should  now  add  at  least  one  more  considera- 
tion, 4,  that  of  the  degree  of  development  of  the  exteroceptive  sense 
organs,  particularly  the  distance  receptors,  and  the  degree  of  develop- 
ment of  the  central  nervous  system  itself. 

In  order  to  test  out  these  various  possibilities,  Ewald  made  a  series 
of  experiments  on  various  representatives  of  a  single  phylum  and  chose 
birds.  In  this  phylum,  if  one  does  not  choose  genera  too  remote  from  each 
other,  the  topography  of  the  vestibule  is  too  similar  to  permit  of  many 
differences  in  effect  arising  from  varv'ing  degrees  of  injury  to  con- 
tiguous structures,  and  one  would  think  still  less  of  a  difference  in 
function  of  the  vestibule  in  different  families  of  the  same  phylum.  On 
the  other  hand,  the  static  conditions  in  different  famiUes  and  genera  of 
birds  vary  greatly  according  to  whether  they  run,  jump,  fly  or  swim.  The 
mode  of  station  at  rest  also  varies,  as  some  lie,  sit,  stand  on  two  legs 
or  on  one.  Such  a  study  should  bring  out  the  extent  to  which  the 
functional  disturbances  following  lesions  of  the  vestibule  are  dependent 
upon  the  static  conditions  of  the  birds  chosen  for  experiment.  Ewald's 
results  are  given  in  the  accompanying  table. 

Ewald  emphasizes  the  fact  that  the  difficulty  in  flj'ing  is  more  marked 
in  birds  whose  wing  movements  are  more  rapid  than  in  those  birds 
whose  wing  movements  are  slower.  The  swallow  had  the  most  highly 
developed  powers  of  flight  of  any  of  the  forms  used  for  experiment,  and 
the  disturbances  were  greatest  in  this  bird.  He  draws  the  general 
conclusion  that  when  one  makes  the  same  destructive  lesion  of  the 
vestibule  in  each  of  a  series  of  different  forms  of  birds,  the  resulting 
disturbances  of  movement  are  greater  the  more  difficult  it  is  for  the 
bird  to  maintain  its  equilibrium  normally  in  one  form  of  progression, 
and  the  greater  or  more  rapid  the  degree  of  muscular  coordination 
required  for  its  successful  execution. 

Experimental  work  has  been  carried  out  in  birds,  and  particularly 
in  pigeons,  in  much  greater  detail.  In  general,  there  is  torsion  of  the 
head  to  the  injured  side,  sometimes  leaning  of  the  body  to  that  side, 
inequalities  of  wing  movements,  the  movements  being  less  extensive 
and  of  less  force  on  the  injured  side,  and  a  loss  of  general  muscular  tonus 
on  one  side,  when  the  lesion  is  unilateral.  Rotation  is  attended  by 
head  movements,  head  nystagmus,  as  Breuer  calls  it,  and  ocular  nystag- 
mus, in  normal  birds.     The  reactions  to  rotation  are  lost  after  bilateral 
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to  the  opposite  side  in  the  plane  of  the  canal.  There  is  usually  a  return 
to  the  normal  position  immediately  afterward.  WTien  the  pressure 
is  relieved,  there  is  a  movement  of  the  head  toward  the  side  stimulated, 
but  less  marked  than  when  the  pressure  was  increased.  In  the  case  of 
the  superior  (vertical)  canals,  the  movement  following  the  relief  of 
pressure  is  more  marked  than  the  movement  following  the  increase  of 
pressure.  There  is  also  movement  of  both  ej^es,  the  direction  of  the 
movement  being  the  same  in  the  pigeon  as  in  the  dogfish. 

It  should  be  pointed  out  that  Maxwell's  result  on  the  transmission 
of  pressure  from  the  utricle  to  the  ampullae  of  the  various  canals  is  not 
in  any  way  inconsistent  with  Ewald's  results.  The  facts  seem  to  in- 
dicate that,  wherever  the  pressure  may  arise,  whether  in  the  canals  or 
in  the  utricle,  its  transmission  to  the  ampullae  is  sufficient  to  excite  the 
nerve  endings  within  them.  This  is  the  important  thing  to  be  remem- 
bered in  formulating  any  hj^pothesis  of  the  nomial  mechanism  of  excita- 
tion of  the  ampullae. 

Breuer  (31)  has  repeated,  on  pigeons,  Gaglio's  (29)  experiments  on  the 
application  of  cocaine  to  the  vestibule.  There  is  an  agreement  that 
simple  anesthesia  of  the  vestibule  is  attended  by  the  same  effects  as  its 
anatomical  destruction.  Breuer,  however,  disagrees  with  Gaglio  in 
some  matters  of  detail. 

Borries  (59),  basing  his  conclusions  partly  upon  experimental  results 
in  pigeons  and  partly  upon  clinical  observations,  thinks  that  the  changes 
in  the  reaction  to  irrigation  of  the  ears  with  water  colder  or  warmer 
than  the  body, — the  caloric  nj^stagmus  of  the  clinician, — with  the 
changes  in  the  position  of  the  head  are  dependent  upon  the  otofiths. 
I  am  unable  to  follow  the  reasoning  involved  in  arriWng  at  such  a 
conclusion.  "While  it  has  been  sho^^•n  by  various  experiments  that  we 
must  probably  attach  more  importance  to  the  otoliths  than  we  have 
heretofore,  it  has  not  yet  been  sho\Mi  that  the  ampullae  of  the  vesti- 
bule are  without  any  functional  importance.  It  seems  much  more 
likely  that  we  must  regard  both  parts  of  the  vestibule  as  functioning 
together  to  bring  about  a  common  reaction. 

Mammals.  Although  the  first  experimental  observations  on  the 
effects  of  excitation  of  the  vestibule  were  made  bj'  Darwin  and  Purkinje, 
perhaps  even  by  Theophrastus,  on  the  human  subject,  the  greatest 
knowledge  of  the  functions  and  manner  of  excitation  of  the  vestibule 
has  not  been  derived  from  observations  upon  the  human  or  even  upon 
mammals.  As  has  been  indicated,  the  nature  of  the  problem  changes 
somewhat  when  one  reaches  the  birds  and  particularly  the  mammals. 
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or  running  in  a  straight  line  soon  becomes  possible,  and  dogs  or  cats 
exhibit  no  noticeable  defects  of  locomotion  when  on  the  ground.  When 
the  eyes  are  covered,  the  dog  has  difficulty  in  walking  in  a  straight  Ime, 
turning  from  side  to  side  in  an  irregular  way.  Swimming  with  eyes 
open  is  a  matter  of  great  difficulty  or  even  impossible  in  such  an  animal. 
It  may  swim  on  its  side  or  back  or  turn  dowTiward  toward  the  bottom  of 
the  pool.  After  unilateral  operation  a  cat  or  dog  will  jump  over  the  side 
of  the  cage  or  from  a  considerable  height  to  the  ground  without  falling 
or  exhibiting  any  defects  of  movement.  But  a  dog  will  not  jump  from 
even  a  moderate  height  to  the  floor  without  falling  in  a  heap  after 
bilateral  operation.  This  observation  was  made  by  Schiif  (68),  and  we 
have  many  times  confirmed  it.  After  one  or  two  experiences,  a  dog 
will  look  over  the  edge  of  the  table  and  whimper  when  food  is  held 
some  distance  from  him,  but  he  may  refuse  to  jump  to  the  floor  in 
order  to  get  it.  Under  conditions  where  the  animal  is  deprived  of  the 
use  of  its  proprioceptors  and  exteroceptors  with  the  exception  of  sight, 
as  in  jumping  or  swimming,  the  effects  of  vestibular  operations  may 
be  shown  in  dogs  months  afterward. 

The  deviation  of  the  eyes  is  permanent  in  lower  vertebrates  follow- 
ing unilateral  vestibular  lesions,  but  it  is  merety  transitory  in  higher 
fonns.  It  has  been  found,  also,  that  the  nystagmus  following  rotation 
may  be  decreased  or  even  abolished  by  repeated  rotation  of  an  animal 
or  man  on  successive  days  (69),  (70),  (71).  And  with  reduction  of 
nystagmus  there  is  a  reduction  in  the  degree  of  vertigo  experienced  in 
men.  This  does  not  seem  to  indicate  any  particular  difference  in  the 
function  of  the  vestibule  of  higher  forms  as  compared  with  the  lower, 
but  to  indicate  that  there  is  a  considerable  difference  in  the  central 
nervous  relations  of  the  vestibular  and  oculomotor  mechanism  in  higher 
forms.  The  problem  again  becomes  one  of  the  organization  of  the 
central  system  and  its  changes  in  phylogenetic  development.  And  no 
place  outside  of  the  vestibule  can  one  find  any  part  of  a  proprioceptive 
mechanism  which  is  circumscribed  in  location  and  which  is  capable  of 
complete  anatomical  removal  with  so  little  damage  to  aay  contiguous 
nervous  structures.  For  this  reason  as  well  as  because  of  the  very 
definite  motor  and  postural  disturbances  following  anatomical  lesions 
the  vestibular  nerve  endings  offer  a  unique  opportunity  for  the  analysis 
of  the  central  relationships  of  an  extremely  important  proprioceptor. 
The  problem  is  as  yet  unsolved. 

Dodge  (72)  has  made  the  only  determmations  of  the  tlireshold  of 
stimulation  of  the  vestibular  endings  known  to  me.     The  tlireshold 
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This  fact,  and  the  desirabihty  of  an  examination  of  this  equi- 
Hbrium,  were  mentioned  to  me  by  Professor  L.  J.  Henderson, 
whom  I  particularly  wish  to  thank  for  these  suggestions,  as  well 
as  for  many  opportunities  he  has  afforded  me  in  the  past  for 
studying  the  possibilities  involved  in  the  method  of  analysis 
to  be  used. 

The  general  problem  to  be  discussed  in  this  paper  deals  with 
the  distribution  of  a  weak  acid  between  an  aqueous  solution  at 
various  hydrogen  ion  concentrations  and  any  other  simple  phase 
(in  which  the  acid  may  exist)  in  equilibrium  with  this  solution. 
Distribution,  in  this  sense,  refers  to  all  the  forms  in  which  the 
acid  may  exist;  i.e.,  aggregated,  dissociated,  as  salt,  etc.  For 
example,  lactic  acid  distributes  itself  between  amyl  alcohol  and 
water.  On  the  other  hand,  Na  lactate  would  be  present  almost 
entirely  in  the  aqueous  phase.  Obviously,  then,  if  NaOH  is 
added  to  the  system,  lactic  acid  will  migrate  from  the  alcohol 
into  the  water  following  the  formation  of  Na  lactate  in  the  aqueous 
phase.  The  problem  is  to  relate  the  total  distribution  of  acid 
with  the  hydrogen  ion  concentration,  and  to  find  out  any  other 
derived  relations  which  may  be  of  interest. 

THEORETICAL. 

It  will  be  convenient  to  make  clear  certain  crucial  points  in- 
volved in  the  two  generalizations  we  shall  use;  nameh',  the  mass 
law  and  the  distribution  law  as  they  apply  to  the  problem. 

Henderson  (2)  derived  the  following  equation  from  the  mass 
law: 

and  this  equation  has  been  repeatedly  verified  b}'  experiment 
(see  Clark's  book  (3)).  Now  in  these  experiments  the  apparent 
and  obvious  values  for  HA  and  BA,  when  substituted  in  the 
equation,  lead  to  consistent  results;  and  this  fact  leads  to  the 
conclusion  that  the  addition  of  the  salt  of  a  weak  acid  to  a  solu- 
tion containing  the  weak  acid,  does  not  effect  any  change  in  the 
concentration  of  the  free  undissociated  acid.  In  other  words, 
addition  of  BA  results  in  a  corresponding  change  in  H,  but  no 
change  in  HA.     Conversely,  addition  of  HA  results  in  a  change 
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y^  =  volume  of  aqueous  phase,  in  liters. 
V,  =   volume  of  "second"  phase,  in  liters. 
HA„  =  amount  of   free  undissociated  acid    in  aqueous  phase,  in   gram 

molecules. 
HA,  =  total  amount  of  weak  acid  in  the  second  phase,  in  gram  molecules. 
BA  =  amount  of  salt  of  the  weak  acid,  in  gram  molecules;  which  is 

equal  to  the  amount  of  available  base. 
A'  =  amount   of  dissociated  acid  anions  in  aqueous  phase,   in  gram 
molecules. 
y  =  degree  of  dissociation  of  the  salt. 
(Since  by  far  the  greater  part  of  A'  is  derived  from  the  dissociation  of  BA, 
Henderson  showed  that  we  can  write  A'  =  BA  y,  without  introducing  any 
significant  error.     Furthermore,  M  =  HA,  +  HAu,+BA  very  nearly.) 

HA„  +  BA 

y  =  fraction  of  total  acid  existing  m  the  aqueous  phase  = — 

K  =  dissociation  constant  of  the  acid. 
A-'  =   " 

7  _ 

[H]  =   concentration  of  hydrogen  ions,  in  gram  molecules  per  liter  of 
aqueous  solution. 
(Concentrations  for  other  constituents  will  also  be  expressed  by  brackets.) 
D  =  the  distribution  coefficient,  applied  here  onlv  to  the  molecular 

species  HA  =     n 

V[HA.[ 

C  =  a  new  factor  to  be  defined  below,  related  to  D. 

n   . — 

1    M 
C  =  C  ' — ■  )  a-  factor  to  be  referred  to  as  the  distribution  factor. 

n  =  the  number  of  molecules  of  HA  in  an  aggregate  existing  in  the 
second  phase,  commonly  written  in  the  form  (HA)„. 

We  can  now  turn  to  a  simple  case.  In  addition  to  the  conditions  enumer- 
ated in  the  preceding  paragraph: 

For  Case  A  it  is  further  specified  that  the  second  phase  consists  of  an 
inert  solvent  (gas  or  liquid),  and  that  the  weak  acid,  HA,  in  this  phase  is 
neither  associated  nor  dissociated  to  any  significant  extent.  The  condi- 
tions at  equilibrium  can  be  defined  by  the  following  equations. 

From  the  mass  laic: 

rm    vx     ^'  K  HA„, 

[H]  X  —  =  — i^— ;  or  [H]  X  A'  =  K  H.\,,.  (1) 

►  !(•  rw 

Since  A'  =  BA  7,  and  K  =  K'  y,  substituting  we  have: 

[H]  X  BA  =  K'  HAu,  (Henderson's  equation) 
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From  the  distribution  law: 

[HAJ  ^  ^  constant,  D,  when  the  nature  of  the  phases  is  specified.    We 
[HA.] 

will  define  C  by  the  rat.o  -— -.     That  is. 

xlAs 

HA^  ^  [HA„.]  Vu'  ^  Zif-  ^  (3) 

HAs        [HA,s]  Vs         Vs 

Case  A. 
'     In  Case  A,  n  =  1,  and  C  =  C 

From  equation  (3),  HA,„  =  C  HAs,  and  from  the  definition  of  y,  HA.  = 
M  {1  —  y),  therefore: 

HAu.  =  C  M  U  -  y)  (4) 

Combining  equations  (2)  and  (4), 

L_  =  c  M  (1  -  y),  from  which:  ,  =  ^h]  +  C  (K' +  [H])         ^'^ 

BA 

To  find  an  expression  for  - — ,  subtitute  the  term  yM   —   BA  for  HAu-, 


in  Henderson's  equation,  and  we  obtain: 

BA  K' 


y 


M        •"  K'+[II] 
and  combining  this  equation  with  equation  (5)  to  eliminate  y,  we  get: 

BA CK^ 

17  ~  [H]  +  C  iK'  +  [H]) 


(6) 


(7) 


Case  B. 

Case  B  is  similar  to  Case  A,  except  that  the  weak  acid  is  associated  to 
the  extent  n  in  the  second  phase,  and  exists  in  the  form  (HA)n  almost 
entirely-.     Then,  as  Nernst  has  shown: 

HA„,        V  Vs 
D  =  -——  X  n — =^  =  ^  constant.     Since  the  volumes  are  constants, 

^w      VhAs 

HA„. 
n  , =  a  constant  =  C,  which  applies  only  for  the  given  volumes. 

VhAs 

(If  D  is  known  from  previous  experiments,   C,   for  anj'  given  volumes 
can  be  found  by  multiplying  D  by  ^ — =  )• 
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n.\^  ^  cX^UAs  "  C  V.»r(l   -  y) 


\4 

A 

/ 

V  ^ 

Oft 

i 

Y 

71^ 

^ 

V?     T 

^ 

'<l 

.->? 

: .[/:  !  n 

OiA> 

I                                       p^*5 

^ 

OA 

B            1 J 

M 

n 

^ 

/- 

7 

1 

/ 

/ 

(14$ 

J  L  JL 

•-4- 

O-l 

1            ■    1 

/ 

\l 

J 

0L2 

I 

J 

f 

J 

/ 

/ 

/ 

cu? 

y 

W   y      ?^ 

■5 

(8) 


pJU 


5  6 

Fia.  2. 


576  Equilibrium  in  Two-Phase  Systems 

Combining  equation  (8)  with  equation  (2)  to  eliminate  the  term  HAu,  we 
obtain: 

, y_      X/MC(K'  +  m])     ^,  ,  u  .;   .  A  r       .u     ,  n"^^^ 

-;  C  may  be  substituted  for  the  term  C- 


/l-w  M  [H]        '  M 


C  K'  Vl  -  y 

This  equation  can  also  be  written:  [H]  =  n  ,  (9) 

2/-C'Vl-y 

Also:  - —  =  y  — — ;         (compare  with  equation  (6))  (10) 

M  K'  -\-  [HJ 

Case  C. 

For  Case  C  it  is  specified  that  the  second  phase  shall  consist  of  pure 
acid  only  {i.e.,  as  pure  solid  or  liquid).  An  acid  gas  at  constant  partial 
pressure  also  satisfies  the  requirements. 

In  this  case  the  acid  can  be  considered  as  infinitely  associated,  n  =   <^ . 

CD       * 

"D"  =  — — -  X  ^  , =  -——    =    the    solubility   of    the   acid   in   unit 

volume. 

C  =   oa     =  HAif,  so  long  as  both  phases  are  present. 

VHAs 

M         M 
Substituting  C  M  for  HA,,,  in  Henderson's  equation,  we  obtain: 


BA       C  K' 


M  [H] 

Evidently,  yM  =  C  +  BA 


(11) 


,  ^,       C  K'       C    (K'  +  [H]) 

and,  w  =  C  +  r-  =  ^    ^  ^2^ 

^     [H]  [H]  '■^'^^ 

All  the  relations  developed  are  for  equilibrium  conditions. 

The  peculiar  characteristics  of  these  cases  are  defined  by  an  additional 
constant,  designated  C.  Since  this  constant  will  be  referred  to  below,  it 
will  be  convenient  to  mention,  in  words,  the  method  of  determining  its 
value. 

For  any  given  system,  the  volume  of  the  phases  being  kept  constant, 
C  measures  the  ratio  of  the  amount  of  free  weak  acid  in  the  aqueous  phase 
to  the  nth  j-oQ^  ^f  ^j^^  ^^^^^^j  (j,„(,yj^^  jj^  ^-^e  second  phase.     The  value  is,  of 


(  %...:i    I  .     \  I -  — 

')t  t 

*"  present. 

F<   ■  ..     ..  •  ir..!v    in 

uii  :jt.     In  ti  the 

•••■•-  ......>,........  ..1  .!!•  i-<iin  (IL\),.     mill  f  uic  j\i!<tifi- 

v^;.....  .  .;  .-ntinf  thr  n  —   •    •■• '  f  -  '' '  •    -  777=^,  remeinber- 

S  HA, 
ing  thatllA,  referm  t  1L\,  whereaa  UA. 

rrfeni  to  the  total  aeid  In  the  wcond  pluae. 

TKe  'TfUc-il  Ihtcuttxon, 

Bofore  dijK*U)«.«(iiig  the  itpcKrtal  characteristics  of  these  systems, 
w<  '  '  '  *  •  ■  V"  Mst  (4),  and 
qti  1  that  addi- 
tion of  HCl  or  of  *  \iate  to  a  dilute  aqueous  solution  of 
Ml!  '  '  '  ri  of  benzene  would 
hi \  acid  in  the  benzene 
phaiir  (and,  of  coumo,  in  the  aquoous  phase).  In  the  equations 
til  .  '  '  '  *  no  account  is  taken  of  any 
HU'  weak  acids  and  can  l>e  neg- 
lecte<l  when  c<  lo  the  effects  which  have  been  or  will  be 
d«  '  '  '  '  '  entration  Is  about 
3i  1  ion  concentration  to 
ai>  !•'  extent  would  never  mult  in  more  th&n  about  a  3  per 
c.  •  '  "'  '  -ociated  portion. 
Ti  i;  Na  salicylate.) 
The  maximum  ".\.  n  1  per  cent  ^or  less)  if  the  ratio 
*"  the  concentratio  s-  ik  arid  to  the  value  of  its  dissocia- 

iion  conj*tant,  i.r.     ,-    .  i-  10*  (or  (freater). 

Ac«N>'  i '<     ••  -  ••  »-   li.l  that  the  equations  given  represent 

th«»  «.  lying  the  important  changes  in  the 

,  oi  wr;i  It  should  l>e  adde<l  that  no  account 

1^-  •      •  which  take  place  in  respect  to  the 

n;i  Ktance,  an  aqueous  solution  saturated 

Willi  (.Mil  o«  ►»  .  M  'ituted  for  a  dilute  aqueous  solu- 

♦•'»n  if  the  rc»ii  •  ......od  for  the  aqueous  solution,  are 

;iecte<i    to    1  ly.   salt   formation    in    the   aqueous 

pha.v.  pn  ■  ,^.  and  the  dis- 

trn.Mijon  J.4.   ...  -  ...    .. r-  rably  under  the 

ions  which  our  ecjuations  are  supposed  to  describe.     In 
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any  given  case  it  should  also  be  remembered  that  the  salt  formed 
may  be  soluble  in  the  second  phase. 
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We  can  now  examine  any  characteristics  of  the  sj'stems  which 
appear  to  be  of  interest  from  the  point  of  view  of  the  acid-base 
equilibrium. 
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1.  The  offt'ct  of  t  ,|  pUfutf  on  tho  maximum  molecular 

bufTor  value  of  a  w  ij)). 

In  Fig.  3  iS  a  coiKi wen  the  slopes  of  the 

four  curves  at  the  right  of  the  figure.  These  curves  represent 
acids  whose  diasociation  constants  are  represented  by  the  value 

pK'  "  5  ipX  w  fthort  for  log  .,),  and  whose  distribution  factors 

ar>                        •   •         ,-  '         -•'  ■••'                        •    ,)  ,j   =    00  illus- 

tr:i'  :i  respect  to  the 

acid  and  containing  a  large  part  of  undissolved  acid  besides. 

Till                             -.      <     .  .    ^          1^^^      rpjj^^  curve  n  =    1 

gi\'  '1  for  a  curve  represent- 
ing the  titration  of  any  weak  monovalent  acid  in  simple  aqueous 

Bolution,  for  e\:t  '     '        '     curve  on  the  left  of  the  figure.     When 

n  —  2,  or  n   -^  r  <':i«f  IV  tlif  «!npo  is  intermediate, 

between  the  nl.  upe  for  Case  B 

in  difficult  !  :i  jMii.'  aii'i  with  a  constant 

value  for  t,  complicated  manner  on  the 
value  of  C  if  C  im  greater  than  about  0.1.) 

J.  The  effect  of  the  second  phase  on  the  pH  at  which  the 
bu-  luni.     (It  is  suggested  that  this  point  be 

It  will  l»e  rcmemUre*!.  as  was  first  shown  by  Henderson,  that 

ui  a  weak  acid  exhibit,s  its  maximum 

1.11':  ,  .to  pK'.     This  pH  occurs  at  a  stage 

I  titration  when  half  of  the  weak  acid  has  been  "neutralized" 

•-■        U.V. 

w  j)Iace  between  two  phases,  however, 

pllifimax)    ia   dis|)laced   by  a  certain  definite  amount.     When 

•    •  '  pHiimiu-)    =   p(C'K').     This  value. 

K'  pH  at  which  the  change  in  the  dis- 

dy  .  , 

trihution  of  an  acid  is  a  maximum;  or  7-77  is  a  maxmium  wncn 

pH  -  piC'K').  If  '  is  not  small,  then  we  have  the  following 
relation.^: 


For  Cmc  A:     pH  yim.ij-     -  ,<  I         —J,  and  here  —  =  O.o 


M 
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/  c  K'\       ^  ^       BA  c 

For  Case  C:    pUiffmax)  =  p  I      _        1,  and  here  —  =  ^  _ 

For  Case  B:    pB.(l3max)  has  a  value  between  the  two  values  given  above. 

^/r,  N       BA 

When  C  is  small,  at  the  point  pH.{Bmax),  — —  =  0.62 

M 

when  n  =  2,  and  0.72  when  n  =  4. 

3.  The  effect  of  the  second  phase  on  the  apparent  strength  of 
a  weak  acid. 

No  general  rule  can  be  laid  down  for  the  three  cases.  For  any 
case  it  is  evident  that,  if  distribution  takes  place,  the  concen- 
tration of  the  acid  is  effectively  diminished,  as  far  as  the  aqueous 
phase  is  concerned.  For  Case  A  we  can  make  the  more  precise 
statement:  Those  properties  of  a  weak  acid  in  simple  aqueous 
solution  which  are  characterized  by  the  dissociation  constant  K, 

C'K 
are  characterized  by  rrrr,  (or  C'K  if  C  is  small)  when  the  same 

acid  is  subject  to  distribution  effects  described  under  Case  A  and 
defined  by  the  constant  C.  This  statement  involves  the  rela- 
tions brought  out  in  the  two  preceding  sections. 

If  C  is  small,  all  the  effects  described  can  be  expressed  quanti- 
tatively, for  all  the  cases  discussed,  and  for  the  given  point 
pH(^/?iax),  by  substituting  the  value  pC'K'  (when  distribution 
takes  place)  for  the  value  pK'  (applying  to  simple  aqueous  solu- 
tion). In  other  words,  if  an  acid  is  distributed  between  two 
phases,  it  behaves  as  a  much  weaker  acid,  its  buffer  value  is 
soinetimes  changed,  and  the  pH  at  which  the  buffer  value  is  a 
maximum  is  shifted  toward  the  alkaline  side.  (These  state- 
ments, and  certain  relations  developed,  do  not  appl}'  to  condi- 
tions where  C  is  greater  than  1.) 

EXPERIMENTAL. 

To  test  the  validity  of  the  foregoing  equations  simple  systems, 
tj'pifying  the  three  cases  discussed,  w^ere  selected.  It  happens 
that  other  systems  which  would  exhibit  more  strikingly  the 
peculiar  characteristics  of  the  two-phase  equilibrium  are  more 
apt  to  involve,  perhaps  by  their  ver}^  nature,  complicating  fac- 
tors and  analytical  or  other  experimental  difficulties. 
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\»  an  example  ■  dbtribution  of  lactic  acid  between 

a:  i  .^q[(\ 

"'  - .1  an 

•  xnniple  of  (h.-h-  B,  and  <  acid  in  equilibrium 

with  ai)  a^jmN.iiH  •solution  corrii pontic  to  (Jasc  C. 

Cow  A. 

'  '         ' -)  between  equal 

<  <'2  s  voluino  CO  I  , 

r'-i*  of  one  phase)  and  found  to  be  a  simple 

i^on-tatit,  1.9.     In  further  cxperunent«  the  volume  of 

:i'  r  than  the  volume  of  water, 

I,  fi.fl.r      r     :r^      C     =.      n     17' . 


.  0 

PH 

0  67  .s 

0  SIS 

•  •  '» 

:\  39 
3  97 

-♦• •' '  ..1...1..1    •containing  lactic  acid  (0.05  n 

•  n   up   in   separate  cylinders 

.-.  Milutions  of  XaOH  of  varying 

....-  um  liad  been  attained,  the  acid 

in  thn  was  estimated  by  titration  of  a 

!i  i-thyl  alcohol)  with  aqueous  Xa<>H, 

■"■licator.     The  pH  of  the  aqueous 

'  »metrically.    The  results  are  given 

•n  of  the  total  acid  in  the  alcohol 

:otal  lactic  acid  or  lactate  in  the 


iuoou.4  |K»rtion.    ..    !-<  tlio  amount  of  NaOH  originally  present 

the  aquruui*  i>i>rtioii  .  xpr-  ^xni  as  the  fraction  of  the  amount 
quired  to  neutralixt^  all  the  acid  present. 
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To  compare  these  results  with  calculated  values  it  is  necessary 
to  know  the  value  of  pK'  for  lactic  acid.  This  was  determined, 
for  our  sample  of  the  acid,  by  measuring  the  pH  of  a  0.2  n  solution 
of  the  acid  to  which  had  been  added  half  its  volume  of  a  0.2  n 
solution  of  NaOH.     The  observed  value  was  pH  =  3.54  =  pK'. 

Using  the  values  for  C"  and  pK'  which  have  been  given,  the 
curves  in  Figs.  4  A  and  4  B  have  been  calculated.  The  distribu- 
tion curve,  Fig.  4  A,  is  calculated  from  equation  (5).  In  Fig.  4  B, 
Curve  1  is  the  theoretical  titration  curve  for  lactic  acid  in  aqueous 
solution,  and  Curve  2  is  the  curve  which  appHes  to  the  experi- 
ment, calculated  by  means  of  equation  (7).  The  x's,  plotted 
from  the  observed  data  for  the  distribution  curve,  are  taken  from 
values  for  7/  and  pH  in  the  table,  and  for  the  titration  curve  they 

■p  A 

are  taken  from  the  values  for  -^  and  pH. 

Case  B. 

It  is  well  known  that  the  distribution  relations  of  benzoic  acid 
between  benzene  and  water  can  be  calculated  on  the  basis  that 

benzoic  acid  in  benzene  exists  in  the  form  (HA)2.     Hence     ,^j— 

is  a  constant  ratio  =  C  (which  applies  only  to  given  volumes  of 
the  two  phases).  To  determine  the  value  of  C,  20  cc.  of  benzene, 
containing  0.002  gm.  molecules  of  benzoic  acid,  were  shaken  up 
with  20  cc.  of  water.  At  equilibrium  0.000152  gm-.molecules 
of  the  acid  were  in  the  water  phase,  and  0.00185  in  the  benzene. 
Hence 


Vm        0.000152       VO.0002      ^  ^_^ 

C  =  C  =     ,  X   =  0.079 

^l       VO.00185  0.0002 

The  same  volumes  of  benzene  and  water,  and  the  same  amount  of 
benzoic  acid  were  used  in  the  series  of  experiments  which  are 
summarized  in  Table  II.  In  the  experiments  marked  with  an 
asterisk  (*)  NaOH  was  present  in  the  aqueous  portion;  in  those 
marked  with  a  dagger  (f)  buffer  salts  were  also  present.  The 
latter  do  not  yield  data  for  the  titration  curve,  but  show  that  the 
distribution  curve  can  be  expressed  as  a  function  of  the  pH  and 
is  independent  of  the  nature  of  the  salts  which  may  in  part  de- 
termine the  pH. 
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Na(  )H      Aftrr  .  :m  had  been  attained  {i.e.,  after  gentle 

;r  pH  of  samples  from  each  fla>;k 
.....   (checked  by  several  individuals) 

idards,  freshly  made  up  according  to 
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the   procedure   given  in   Clark's  book.     The   solubiUty   (C)    of 
benzoic  acid  given  in  the  tables  is  0.00119  gm.  molecules  in  50  cc. 


at  20°,  hence  C  =  ^^^  =  0.238,  and,  as  before,  pK'  =  4.05. 
Table  III  gives  the  results  observed. 
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variation  of  pH.  The  two  acids,  the  behaviors  of  which  are 
represented  by  the  curves,  have  values  of  pC'K'  equal  to  7  and  9. 
The  pH  at  which  maximum  separation  is  obtained  is  therefore 
8.  Suppose  that  the  acids  are  dissolved  in  water,  and  that  they 
are  to  be  separated  by  means  of  benzene  as  the  second  solvent. 

Equilibrium  is  first  attained  between  the  two  phases,  and 
alkali  added  until  the  pH  of  the  aqueous  phase  reaches  8.  The 
two  phases  are  shaken  up  together  again,  acid  passes  into  the 
aqueous  portion,  and  more  alkali  is  needed  to  bring  the  pH  back 
to  8.  When  equilibrium  is  obtained  at  a  pH  of  8,  the  two  phases 
are  separated.  At  this  stage  we  should  have  90  per  cent  of  the 
strong  acid  in  the  aqueous  phase  and  10  per  cent  of  the  weaker 
acid.  If  the  aqueous  phase  is  now  extracted  with  a  fresh  portion 
of  benzene,  and  the  pH  at  equilibrium  brought  to  8  fthis  time 
by  adding  HCl),  then  81  per  cent  of  the  strong  acid  will  remain 
in  the  aqueous  phase  and  1  per  cent  of  the  weak  acid.  One  more 
extraction  will  yield  72  per  cent  of  the  original  amount  of  the 
strong  acid  and  0.1  per  cent  of  the  weak  acid.  The  weak  acid 
may  be  similarly  purified  by  extracting  the  first  separated  portion 
of  benzene  with  fresh  portions  of  water,  always  bringing  the 
system  to  equihbrium  at  a  pH  of  8  to  obtain  the  most  efficient 
separation. 

The  same  method  can  be  used  to  separate  two  acids  by  pre- 
cipitation from  solutions  of  their  salts.  This  is  illustrated  by 
the  two  curves  at  the  right  of  Fig.  3  A.  As  strong  acid,  HCl,  is 
added  to  such  a  solution,  the  weak  acid  whose  pC'K'  value  is  9 
will  begin  to  precipitate  when  the  pH  of  the  solution  drops  to  9, 
and  will  continue  to  precipitate  pure  until  the  pH  has  dropped 
to  7.  At  this  stage  the  stronger  acid  would  begin  to  precipitate, 
and  the  time  for  separation  is  reached.  98  per  cent  of  the  weaker 
acid  can  be  filtered  off,  presumably  quite  pure;  but  further  ef- 
forts to  purify  the  stionger  acid  will  be  useless,  because  the  curve 
for  the  weaker  acid  wliich  remains  now  follows  the  curve  for  the 
stronger  acid.  What  is  gained  in  favor  of  the  purification  of  the 
weaker  acid  is  lost  in  respect  to  the  stronger  acid,  as  far  as  this 
precipitation  method  is  concerned. 

Similar  principles  would  apply  to  the  fractional  precipitation 
of  insoluble  metallic  salts  of  weak  organic  acids,  and  it  seems 
that  a  judicious  use  of  indicators  in  such  procedures  might  serve 
to  make  certain  separations  more  precise. 
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Equilibrium  in  Two-Phase  Systems 


The  possibility  suggests  itself  that  the  solubility  of  the  soaps 

is  limited.-     If  this  is  true,  then,  as  long  as  undissolved  soap  and 

undissolved  acid  are  present  in  equilibrium  with  a  given  solution, 

HA 
we  have  -=^-r  =  a  constant.     Addition  of  a  portion  of  HCl  to  the 

system  results  in  a  transfer  of  fatty  acid  from  the  undissolved 
soap  to  the  undissolved  fatty  acid  and  leaves  the  solution  un- 
changed (at  equilibrium)  except  for  the  formation  of  a  certain 
amount  of  NaCI.  Hence  there  is  a  unique  hydrogen  ion  con- 
centration at  which  the  three  phases  can  exist  in  equilibrium, 
and  we  have  a  system  which  might  truly  be  termed  a  perfect 
buffer  system. 

Another  application  of  the  relations  involved  in  the  distribu- 
tion of  acids  suggests  itself  from  an  analog}^  which  can  be  drawn 
between  the  systems  we  have  reviewed  and  typical  systems  which 
have  been  used  to  investigate  the  Donnan  equilibrium.  One 
essential  feature  of  this  equilibrium  is  that  it  is  a  two-phase 
equilibrium,  and  another  is  that  one  reacting  ion  is  present  in  one 
phase  only  (more  precisely,  one  ionic  species  cannot  pass  from 
one  phase  to  the  other).  These  two  features  are  closely  paral- 
leled by  a  system  consisting  of  two  aqueous  solutions  separated 
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Fig.  5. 


by  a  layer  of  some  immiscible  solvent  such  as  benzene,  the  one 
solution  containing  an  acid  (soluble  in  benzene)  and  the  other 
containing  the  same  acid  in  equivalent  concentration  plus  some 
of  the  salt  of  the  acid.  The  benzene  layer  will  contain  only  the 
free  acid,  and  the  system  will  be  in  equilibrium  with  respect  to 
the  acid.  A  neutral  substance,  such  as  sugar,  can  be  added  to  the 
solution  which  contains  only  the  free  acid,  and  the  sj'stem  will 
then  be  in  osmotic  equilibrium. 
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physical  state  of  calcium  compounds  must  have  a  bearing  on 
calcium  assimilation  from  the  intestine.  In  this  connection 
reference  should  be  made  to  an  article  by  Wendt  and  Clarke  (9) 
which  has  just  been  published,  and  which  gives  the  titration 
curve  for  the  neutralization  of  H3PO4  by  Ca(0H)2.  At  first 
sight  the  result  is  somewhat  unexpected,  and  can  be  summed  up 
approximately  by  saying  that  as  Ca(0H)2  is  added  to  the  solu- 
tion of  H3PO4  there  is  a  sudden  change  of  pH  when  one-third  of 
an  equivalent  of  base  has  been  added.  Soon  after,  a  precipitate 
of  tricalcium  phosphate  (perhaps  of  dicalcium  phosphate  also) 
appears  and  the  pH  remains  practically  unchanged  at  a  value 
about  5.8  until  0.8  equivalents  of  base  have  been  added,  (no 
sudden  change  occurring  when  two-thirds  of  an  equivalent  are 
present).  At  this  point  the  solution  becomes  gradually  more 
alkaline,  and  finally  suddenly  much  more  alkaline  at  the  end- 
point.  Saturated  lime  water  and  0.05  n  H3PO4  were  the  solu- 
tions used  for  the  titration.  Equilibrium  in  this  system,  in- 
volving three  phases  or  at  least  two,  was  only  reached  after 
considerable  time.  Presumably  the  value  5.8,  for  the  pH  at 
which  the  buffer  action  was  a  maximum,  would  shift  toward  the 
alkaline  side  if  lower  concentrations  were  used.  While  the  pH 
remained  constant,  it  is  possible  that  addition  of  Ca(0H)2  was 
causing  little  or  no  change  in  the  solution,  but  merelj'^  a  transfer 
of  precipitated  dicalcium  phosphate  to  precipitated  tricalcium 
phosphate.  The  solution,  saturated  with  respect  to  the  two 
salts,  is  a  perfect  buffer  with  a  pH  5.8  as  long  as  the  three  phases 
are  present. 

SUMMARY. 

The  distribution  law  and  the  law  of  mass  action  (Henderson's 
equation)  have  been  combined  to  j-iold  equations  expressing  the 
relation  between  the  distribution  of  a  weak  acid  between  two 
phases,  one  of  which  is  an  aqueous  solution,  and  the  pH  of  the 
aqueous  phase. 

By  the  use  of  an  easily  determined  constant,  designated  C, 
we  can  in  general  express  by  the  value  C'K  certain  properties  of 
a  weak  acid  subject  to  distribution  between  two  phases;  namely, 
those  properties  which  are  defined  bj^  the  value  of  K,  the  dis- 
sociation constant,  when  the  acid  exists  in  simple  aqueous  solution. 
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Exp(*rinu>nt  ^h()«-•  that  there  is  a  clear  relationship  between  impulses 
ar  'cific   afferent  nerves 

fi  .     The  question  arises 

•  •e  of  activity  of  the  heart 
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of  thrtn.  maintenance  of  blood  pressure  a  reflex 

y  employed  for  eliminating  the  afferent 
{tathwAN  •  to  the  central  nervous  sj-^tem  while  leaving  the 

it  •  \  through 

thr  a<  pine. 

chaiiK  fibers  of  the 

vain  by  the  a< :  '  ion  of  atropine,  leaving  the  afferent  fibers  intact, 

I'  '  ,    .<         .  -tion  whether 

ti  -  or  automatic. 

The  problem  is  further  complicated  by  the  presence  of  the  accelerator 
fi!..  ■    '       '  ■    '       '  -i  of  the  va^  may  conceivably 

,i. :  . trs  have  or  have  not  previously 

been  divided.    There  are,  then,  several  possible  conditions  under  which 
(!       '         ■    '  ■    '  '       ners'es  may  be  studied. 

iri.  with  the  accelerators  intact. 
This  would  include  depressor  hbers  in  some  animals,  but  not  in  the 
rabbit. 

2.  DiviMun  of  both  vagi  after  previous  removal  of  the  stellate  ganglia. 

3.  Atropine,  vagi  intact  and  accelerators  intact. 
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Statement  of  problem.  Sherrington  (1)  has  considered  a  funda 
mental  characteristic  of  the  responses  of  the  central  nervous  system 
imder  the  caption  of  the  relation  of  afferent  to  efferent  roots.  The 
greater  volume  of  work  on  this  relationship  has  been  devoted  to  the 
conditions  prevailing  in  the  somatic  rather  than  in  the  visceral  sensorj' 
and  motor  systems.  While  the  responses  of  the  somatic  system  are 
necessary  for  locomotion  and  other  activities,  and  certain  reactions  of  the 
organism  to  some  conditions  or  changes  of  conditions  in  the  external 
environment,  the  responses  of  the  visceral  S3^stem  are  necessary  for  the 
maintenance  of  the  constancy  of  the  internal  conditions  of  the  higher 
organism,  such  as  systemic  blood  pressure,  as  well  as  for  the  adjustment 
of  internal  conditions  in  relation  to  the  changes  of  the  external  conditions. 
The  question  arises  whether  the  responses  of  the  visceral  system  involve 
this  relationship  of  afferent  to  efferent  roots  to  the  same  degree  as  the 
somatic  systems. 

Sherrington  considers  this  question  to  some  extent  in  his  chapter 
(loc.  cit.)  but  the  degree  to  which  this  relationship  holds  in  such  a  nervous 
mechanism  as  that  for  the  control  of  respiration  or  blood  pressure  is  not 
answered.  Nor  does  one  find  this  answer  in  any  of  the  papers  so  far 
published.  It  is  evident  that  for  the  proper  understanding  of  the  func- 
tion and  manner  of  action  of  any  of  these  visceral  systems,  the  ascertain- 
ment of  the  degree  to  which  the  relation  of  afferent  to  efferent  roots 
holds  is  a  necessary  preluninary. 

It  may  be  pointed  out  here  that  just  as  the  changes  of  internal 
conditions,  practically  independent  of  afferent  impulses,  may  affect  the 
respiratory  rate,  so  it  is  possible  that  changes  of  internal  condition? 
which  are  not  primarily  related  to  afferent  nervous  impulses  may  affect 
cardio-vascular  activity.  The  relation  of  afferent  to  efferent  roots  may 
then  be  masked  or  modified  by  other  internal  conditions  in  the  case  of 
both  of  these  systems,  and  the  answer  to  our  question  may  a1  first 
involve  the  indirect  quantitative  estimation  of  a  number  of  factors  in  an 
equation  rather  than  the  direct  determination  of  one  of  them. 

Historical.  Beginning  with  the  discovery  by  the  Weber  brothers 
of  inhibition  of  the  heart  by  applying  one  electrode  to  the  spinal  cord 
at  the  level  of  the  4th  or  6th  vertebra  and  the  other  to  the  nostril  of  a 
frog,  and  the  later  discovery  of  an  iiihibitory  center  by  the  same  workers 
and  others,  the  question  as  to  whether  this  center  and  the  vagi  could  be 
affected  reflexly  or  not  has  been  very  much  under  discussion.  Even 
after  the  vagus  center  had  been  definitely  and  minutely  located  in  the 
medulla,  very  little  progress  had  been  made  in  regard  to  this  question. 
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As  a  result,  the  mechanism  of  the  nervous  control  of  the  entire  cardio- 
vascular system  was  more  or  less  in  the  dark. 

That  the  vagus  center  may  be  refiexly  stimulated  by  stimulation  of 
various  afferent  nerves,  and  that  vagal  tone  may  be  altered  by  the  blood 
itself  has  been  shown.  That  psychical  and  emotional  states  could 
change  vagal  tone  was  also  shown  by  many  workers.  By  stimulation 
of  the  cerebrum  itself  marked  changes  in  the  pulse  rate  may  occur. 
But  all  this  work  did  not  show  whether  the  tone  maintained  by  the  vagus 
center  is  kept  up  refiexly  by  constant  instreamings  of  afferent  unpulses, 
or  whether  the  center  had  the  power  of  automatism.  These  experi- 
ments do  not,  for  instance,  indicate  what  effects  changes  in  the  internal 
environment  of  the  organism  may  produce  on  the  center. 

That  changes  in  the  internal  environment  of  an  organism  may  have' 
profound  effects  on  pulse  rate  and  blood  pressure  of  an  animal  is  verj'- 
clearly  shown  by  the  changes  in  heart  rate  which  follow  deep  inspiration 
and  deep  expiration.  At  the  end  of  deep  inspiration  a  marked  increase 
in  heart  rate  is  observed  as  well  as  a  marked  increase  in  arterial  tension ; 
while  a  marked  decrease  in  heart  rate  and  a  fall  of  arterial  tension  is 
observed  at  the  close  of  deep  expiration.  The  effect  of  any  increased 
muscular  work  will  change  the  internal  enviromnent  to  a  certain  degree, 
and  this  change  may  be  accompanied  by  very  great  changes  in  the 
cardio- vascular  system.  This  phase  of  the  question  has  been  largely 
overlooked  by  previous  workers  as  well  as  by  those  who,  until  lately, 
have  been  working  on  the  nervous  mechanism  of  respiration.  That 
vagal  tone  is  maintained  refiexly  has  been  shown  by  some  workers,  such 
as  Soltman,  but  the  evidence  presented  by  them  is  neither  very  clear 
nor  very  conclusive.  In  a  sunilar  manner  evidence  has  been  presented 
against  this  view  which  also  lacks  in  conclusiveness.  There  is  the  work 
of  Hill  who  makes  the  supposition  that  the  terminations  of  the  afferent 
nerves  on  the  inner  wall  of  the  heart  may  be  stimulated  by  intracardiac 
pressure  and  thus  control  the  centers  of  circulation.  That  this  view  is 
perfectly  tenable  can  be  shown  by  the  experiments  of  Johanssen  (2) 
and  many  others  who,  after  section  of  all  the  cardiac  nerves,  observed 
a  rise  of  arterial  tension  and  an  increased  heart  rate  on  compression  of 
the  abdominal  aorta.  In  the  absence  of  the  afferent  pathwaj^s  no 
stimulation  arising  from  pressure  in  the  heart  can  be  effective  refiexly. 
If  however  all  the  cardiac  nerves  are  intact,  Marey  (3)  noted  that  the 
compression  of  the  abdominal  aorta  is  followed  by  a  decreased  heart  rate. 
Whether  the  central  mechanism  of  the  vagi  is  in  this  case  affected  by 
afferent  impulses  or  by  the  increased  intracranial  pressure  cannot  be 
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determined.  The  heart,  through  the  depressor  nerves,  has  afferent 
connections  with  the  central  mechanism  and  by  this  means  it  is  per- 
fectly possible  for  it  to  control  reflexly  its  own  rate. 

Sherrington  (4)  has  sectioned  all  the  dorsal  roots  of  an  animal  in 
which  he  was  recording  blood  pressm-e  without  getting  any  appreciable 
change  in  pressure.  This  fact  seems  to  demonstrate  that  the  vagus 
center  is  not  dependent  on  afferent  impulses  coming  in  over  the  dorsal 
root  fibers  since,  when  all  the  afferent  impulses,  except  those  over  the 
vagi,  had  been  prevented  from  reaching  it,  there  was  Uttle  change  in 
blood  pressure. 

Stewart,  Guthrie,  Burns  and  Pike  (5)  have  shown  that  after  a  total 
loss  of  function  of  the  cerebral  centers  resulting  from  the  temporary 
ligation  of  the  head  arteries  there  is  a  gradual  retm-n  of  function  following 
the  restoration  of  the  circulation  and  that  this  retm-n  occurs  in  a  fairly 
definite  order.  In  a  second  publication,  Stewart  and  Pike  (6)  reported 
a  more  detailed  study  of  the  time  relations  of  the  resuscitation  processes 
in  the  most  important  of  the  bulbar  centers,  namely,  the  respiratory, 
vasomotor  and  cardio-inhibitor.  Since  by  the  production  of  complete 
cerebral  anemia  all  the  reflexes  of  the  anemic  region  are  temporarily 
aboHshed,  advantage  was  taken  of  the  opportunity  afforded  for  the 
study  of  the  relation  between  the  return  of  such  functions  as  respiration, 
or  cardiac  inhibition,  and  the  opening  up  of  the  reflex  pathways  to  or 
through  their  centers.  In  regard  to  the  respiratory  mechanism  these 
authors  found  it  was,  of  the  three,  the  most  automatic  and  the  least 
dependent  upon  reflex  stimulation  for  the  origination  of  its  discharge. 
The  cardio-inhibitory  center  was  the  least  automatic  and  is  the  most 
dependent  upon  such  impulses  while  the  vasomotor  mechanism  occupied 
an  intermediary  position  between  the  other  two  mechanisms.  The 
cardio-inhibitory  center  regains  its  power  of  being  affected  by  reflex 
stimuH  sooner  than  it  does  its  tone. 

Stewart  (7)  has  also  shown  that  in  dogs  the  rate  of  the  heart  when 
isolated  from  its  extrinsic  nerves  by  cerebral  anemia  is  relatively  con- 
stant when  the  external  conditions  (temperature  and  pressure  of  the 
blood)  are  kept  constant. 

The  role  played  by  the  accelerators  is  of  course  extremely  important 
in  a  consideration  of  the  cardio-vascular  system.  That  they  are 
purely  efferent  nerves  has  been  generally  believed,  but  whether  they 
are  dependent  on  afferent  impulses  or  whether  they  work  automatically 
has  not  been  definitely  determined.  Tschu-jew,  Strieker  and  Wagner 
have  witnessed,  after  section  of  the  vagi,  a  decreased  pulse  rate  on 
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excision  of  the  inferior  cervical  and  the  first  thoracic  gangha.  It  is 
also  claimed  that  after  section  of  the  accelerators,  inhibition  b}^  excita- 
tion of  the  vagus  can  be  induced  with  great  ease.  Timofeew  has  kept 
anmials  for  some  time  after  section  of  the  accelerators  and  noticed 
in  them  a  gradual  decrease  in  pulse  rate.  This  fact  evidently  points  to 
a  tonic  action  maintained  by  the  accelerators  but  it  is  held  in  check  by 
the  greater  tonicity  of  the  vagus  center.  It  affords  evidence  also  that 
the  accelerators  hold  the  vagus  mechanism  in  check. 

Hunt  and  others  have  suggested  that  the  tone  maintained  by  the 
accelerator  nerves  is  on  blood  pressure,  since  extirpation  of  the  ac- 
celerators or  the  stellate  ganglia  is  followed  by  a  fall  in  blood  pressure, 
in  some  cases  amounting  to  50  per  cent. 

The  question  as  to  whether  reflex  cardiac  acceleration  may  occur 
independent  of  the  cardio-inhibitory  center  is  one  which  has  been  fairty 
well  investigated  but  on  which  there  still  exist  manj^  contradictory 
statements.  There  are  two  possible  conditions  under  which  reflex 
cardiac  acceleration  may  occur:  1,  through  a  depression  of  the  vagus 
action;  or  2,  through  a  stimulation  of  the  accelerator  center.  A  great 
many  investigators  seem  to  favor  the  former  view.  Roy  and  Adami 
(8)  conclude  that  the  acceleration  of  the  mammalian  heart  may  occur 
only  through  the  vagus  center.     Hunt  confirms  this  view. 

In  opposition  to  this  view  are  those  who  maintain  that  a  reflex  cardiac 
acceleration  may  occur  independent  of  the  cardio-inhibitory  center. 
Among  these  are  Francois-Franck  (9)  who  states  that  although  the  vagus 
center  predominates  over  accelerator  action  under  normal  circumstances 
yet  the  reverse  may  be  true  under  experimental  conditions.  Von  Cyon 
(10)  and  Bayliss  (11)  also  accept  the  view  that  reflex  cardiac  accelera- 
tion may  take  place  through  a  stimulation  of  the  accelerator  center. 
The  latter  author  has  stimulated  the  depressor  after  section  of  both  vagi 
and  obtained  an  accelerated  heart.  Hering  (12)  observed  in  rabbits 
in  which  the  last  cervical  and  first  thoracic  sympathetic  ganglia  had 
been  extirpated,  that  cardiac  acceleration  following  muscular  exercise 
was  very  much  more  reduced  after  than  before  the  operation.  That  the 
second  view  is  more  tenable  has  also  been  confirmed  by  Hooker  (13). 

Gasser  and  Meek  (14)  claim  that  the  acceleration  of  the  heart  at  the 
beginning  of  voluntary  exercise  in  the  normal  animal  is  chiefly  due  to 
the  decrease  in  the  tone  of  the  cardio-inhibitory  center.  Their  work 
leads  them  to  believe  that  the  accelerators  are  a  factor  of  safety  and 
that,  in  exercise,  their  action  is  superimposed  on  that  of  the  vagi  only  in 
times  of  great  need.  Aside  from  this  these  authors  claim  that  their 
chief  function  is  to  maintain  the  level  of  the  resting  pulse. 
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Experimental  procedure.  All  the  experiments  were  done  on  cats. 
The  laboratory  procedure  was  ether  anesthesia  and  tracheotomy.  Blood 
pressure  was  recorded  by  means  of  a  mercury  manometer  connected  to 
the  left  carotid  artery.  Records  were  made  on  a  Hiirthle  kymograph. 
The  time  was  recorded  in  seconds  by  a  Jacquet  chronograph.  A  signal 
magnet  served  as  the  base  line  for  blood  pressure.  At  all  times  a  suffi- 
cient amount  of  ether  was  given  to  abolish  all  sense  of  pain  in  the  animals 
experimented  on.  The  depth  of  anesthesia  was  judged  by  the  presence 
or  absence  of  the  corneal  reflex.  The  heart  rate  was  computed  in 
beats  per  minute.  In  every  case  a  control  tracing  of  blood  pressure  and 
heart  rate  was  taken  before  any  other  procedure  was  attempted. 

Atropine  was  administered  either  directly  intravenously  or  indirectly 
by  stomach  tube.  In  the  former  case  the  femoral  vein  was  dissected  out 
and  a  cannula  was  inserted  into  it.  Atropine  was  injected  by  means  of  a 
hypodermic  syringe,  the  needle  of  which  was  plunged  into  a  rubber  tube 
attached  to  the  cannula.  Backflow  was  prevented  by  a  clamp  on  the 
free  end  of  the  rubber  tube.  In  the  latter  case,  a  rubber  tube  was 
inserted  into  the  esophagus  until  it  reached  the  stomach.  The  drug  was 
injected  by  plunging  a  hypodermic  needle  directly  into  the  rubber  tube. 

The  solution  of  atropine  was  made  up  by  weighing  out  a  definite 
amount  of  atropine  sulphate  and  dissolving  it  in  a  definite  amount  of 
one-seventh  molecular  solution  of  sodium  chloride.  In  this  way  it  was 
known  how  many  milligrams  each  cubic  centimeter  of  solution  con- 
tained, and  the  dose  was  injected  accordingly.  The  solution  kept  very 
well  in  a  stoppered  bottle  at  room  temperature  for  several  days.  The 
dose  injected  was  about  2  mgm.  contained  in  1  cc.  of  saline  solution. 
This  amount  was,  however,  not  strictly  adhered  to,  since  the  animals 
varied  from  half-grown  to  full-grown  cats. 

I.  Division  of  both  vagi  with  the  accelerators  intact.  In 
animals  such  as  the  rabbit  in  which  the  depressor  fibers  of  the  vagus  of 
most  individuals  run  in  a  separate  strand,  the  effect  of  the  division  of  the 
vagi  may  be  observed  independently  of  the  effect  of  the  section  of  the 
depressor  fibers.  In  the  cat  and  the  dog,  this  separation  of  the  two  kinds 
of  fibers  cannot  be  made  so  easily.  As  has  been  indicated,  section  of  the 
vagi  may  be  done  with  or  without  the  concomitant  division  of  the  de- 
pressor according  as  the  rabbit  or  some  other  mammal  is  used  for  the 
experiment.  In  cats,  which  were  used  throughout  these  experiments, 
bilateral  vagotomy  is  followed  usually  by  an  increase  of  heart  rate  and 
blood  pressure.  The  effect  varies  somewhat  with  the  general  systemic 
blood  pressure  at  the  time  the  section  is  made  and  with  the  general 
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depth  of  anesthesia.  If  for  anj-  reason  the  heart  rate  is  abnormally 
high,  there  is  no  increase  on  division  of  the  vagi. 

In  some  of  the  cats  used,  separate  depressor  fibers  were  found,  but  the 
number  was  so  small  that  even  in  those  animals  in  which  the  separate 
depressor  fibers  were  found  the  section  included  these  fibers.  It 
might  be  added  here  that  very  often  a  great  deal  more  trouble  was 
encountered  in  anunals  with  separate  depressor  nerves  than  in  those  in 
which  these  fibers  run  in  the  vagus.  Not  onh^  was  this  my  experience 
but  also  that  of  Doctor  Coombs  who  was  doing  experiments  in  this 
laboratory  at  the  time  this  work  was  in  progress. 

Both  vagi,  after  being  carefulty  dissected  out,  were  exposed  for  a 
distance  of  about  2  cm.  and  then  loose  Hgatures  were  passed  around  them. 
The  section  of  both  nerves  was  made  practically  simultaneously.  The 
results  of  double  vagotomj-  are  found  in  the  table  below,  which  gives 
an  average  of  about  fifteen  such  experiments. 


TABLE  1 

KATE 

PRESSUHE 

Before  division  of  both  vagi 

After  division  of  both  vagi 

Percentage  change 

212 

229 

8 

136 

151 

11 

In  practically  ever}-  case  studied,  bilateral  vagotomy  was  followed 
immediately  by  a  rise  of  S3'stemic  pressure  and  an  increased  heart  rate. 
In  some  instances  the  rise  in  pressure  was  preceded  by  a  slight  fall 
which  was  probabh^  due  to  a  stimulation  of  the  efferent  fibers  of  the 
nerves  during  the  process  of  lifting  them  or  by  the  verj-  act  of  cutting 
them.  This  initial  fall  was  verj^  slight,  however,  and  was  mimediately 
followed  by  the  usual  rise.  It  will  be  observed  on  consulting  the  table 
that  there  is  a  change  both  in  heart' rate  and  blood  pressure. 

In  some  animals  section  of  both  vagi  was  frequently  followed  bj-  a 
great  impairment  of  respiration.  The  animals  had  great  difficulty  in 
respiration,  and  xevy  often  artificial  respiration  had  to  be  given  for  sev- 
eral minutes.  In  some  animals  the  blood  pressure  fluctuated  greatly  for 
some  time  after  bilateral  vagotomj^,  but  after  a  short  time  the  usual 
rise  in  pressure  and  acceleration  of  the  heart  was  obtained,  and  this 
was  maintained  fairty  uniformly  until  the  end  of  the  experiment. 

II.  Division  of  both  vagi  after  previous  removal  of  the 
STELLATE  GANGLIA.     The  method  used  in  the  dissection  for  the  stellate 
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ganglia  was  suggested  by  Professor  Pike.  It  is  safer  than  anj^  of  the 
other  methods  tried  since  the  chances  of  puncturing  the  pleura  and 
producing  a  pneumothorax  are  much  lessened  by  this  method. 

The  pectoralis  muscles  were  dissected  away.  The  initial  incision  was 
made  in  the  midline  of  the  sternum,  thus  avoiding  most  of  the  large 
blood  vessels.  After  this  dissection,  the  ribs  and  the  intercostal  muscles 
were  exposed.  The  next  group  of  muscle  to  be  dissected  away  was  the 
chief  muscles  of  the  neck  which  included  the  cleidomastoid,  sternohyoid, 
sternomastoideus,  sternotltyroideus  and  the  scalenus.  The  trachea 
and  the  esophagus  were  thus  exposed.  With  a  pair  of  pointed  forceps 
around  which  a  small  piece  of  cotton  was  wound,  the  highway  of  the 
esophagus  was  followed  until  a  point  where  merely  moving  the  esophagus 
slightly  aside  revealed  the  inside  of  the  thorax.  The  stellate  ganglia 
lie  between  the  first  and  second  ribs,  and  merely  pushing  the  muscles 
aside  reveals  them.  With  a  fine  pair  of  pointed  forceps  the  ganglion 
was  raised  and  then  removed  with  a  fine  pair  of  scissors. 

Removal  of  both  stellate  gangha  is  immediately  followed  by  a  con- 
siderable fall  of  blood  pressure,  at  times  more  than  50  per  cent.  The 
heart  rate  slows  and  neither  pressure  nor  rate  increases.  If  both  vagi 
are  sectioned  following  the  removal  of  the  stellates  there  is  a  gradual 
rise  of  blood  pressure  which,  however,  never  reaches  the  pressure  which 
was  maintained  before  the  stellate  ganglia  were  removed.  There  is  also 
a  striking  increase  in  heart  rate.  It  would  seem  as  if  section  of  the  vagi 
allows  the  heart  to  escape  from  the  tone  which  these  nerves  maintain 
over  it.  However,  the  rate  which  was  maintained  at  the  beginning  of 
the  experiment  is  never  regained,  as  reference  to  table  2  will  show. 

It  will  be  seen,  therefore,  that  the  removal  of  the  stellate  ganglia  is 
followed  by  an  immediate  large  fall  in  pressure,  to  a  level  which  is 
maintained  throughout  the  experiment  provided  no  other  lesions  are 
made.  The  heart  rate  also  decreases  and  this  decrease  is  constant  under 
the  same  conditions.  But  if  bilateral  vagotomy  is  now  done,  the  pres- 
sure goes  up  somewhat  but  never  reaches  the  normal  level.  The  same 
is  true  also  of  the  heart  rate.  In  other  words,  it  would  seem  as  if  blood 
pressure  and  heart  rate  are  maintained  by  the  stellate  ganglia  and  the 
accelerator  nerves  while  the  vagi  are  concerned  with  keeping  up  a  slight 
tonic  action  on  blood  pressure,  but  that  their  main  function  is  to  keep 
the  rate  of  the  heart  down  so  that  it  is  not  overworked. 

Hunt  (15)  has  shown  that  the  maintenance  of  a  certain  degree  of 
blood  pressure  seems  in  some  way  to  be  connected  with  the  stellate 
ganglia  as  is  shown  by  what  happens  when  they  are  removed,  for  then 
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both  the  rate  and  the  pressure  fall.  Wickwire  (16)  has  shown  that  the 
removal  of  the  accelerators  alone  results  in  a  moderate  decrease  in 
heart  rate  and  a  great  fall  in  pressure. 

Reference  to  the  following  table  wdll  bring  out  the  points  mentioned 
above  more  clearly. 

III.  Atropine:  Vagi  and  accelerators  intact.  Atropine  is  an 
alkaloid  which  paralyzes  the  terminations  of  a  number  of  nerves,  more 
especially  of  those  of  autonomic,  as  distinguished  from  sympathetic, 
origin  that  supply  the  involuntary  muscles,  secretory  glands  and  the 
heart.  By  virtue  of  this  property,  it  paralyzes  the  inhibitory  termina- 
tions of  the  vagus  in  the  heart  and  stimulation  of  this  nerve  therefore 
causes  no  change  or  at  least,  no  decrease  of  the  pulse  after  its  adminis- 
tration (17).  Small  quantities  of  atropine  have  no  further  action  on  the 
heart  than  the  paralysis  of  the  inhibitory  nerve  endings.  The  termina-' 
tions  of  the  accelerator  nerve  endings  are  not  affected.     The  heart 


TABLE  2 

RATB 

PBESSURE 

Before  removal  of  stellate  ganglia 
After  removal  of  stellate  ganglia  . 

173 
149 
160 

8 

147 

92 

After  division  of  both  vagi 

105 

Percentage  change  when  the   stellate 
moved  first 

gangl 

ia 

are 

re- 

29 

therefore  after  the  administration  of  this  drug  is  in  a  position  as  if  the 
efferent  fibers  of  the  vagi  had  been  cut  in  the  neck.  This  results  in  a 
marked  quickening  of  the  heart. 

In  these  experiments  atropine  was  at  first  injected  intravenously. 
In  each  case  the  heart  was  markedly  accelerated.  At  the  beginning 
there  was  always  a  decreased  pressure  which  is  probably  due  to  the 
action  of  the  drug  on  the  heart  musculature  itself.  In  later  experiments 
atropine  was  given  by  stomach  tube  so  that  its  absorption  into  the  blood 
stream  was  much  slower  than  when  given  directly  intravenously.  In 
such  cases  besides  getting  the  acceleration  of  the  heart,  a  slight  rise  of 
blood  pressure  was  also  obtained.  In  other  words,  administration  of 
atropine  in  small  quantities  into  the  blood  stream  has  the  same  effect 
as  bilateral  vagotomy  except  that  the  afferent  pathway  of  the  vagi  is 
open.     Table  3  will  show  this  fact  more  clearly. 

Schiff  (18)  about  fifty  years  ago  maintained  that  stimulation  of  the 
peripheral  end  of  the  vagus  nerve  after  atropine  had  been  administered, 
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always  resulted  in  an  increased  heart  rate.  In  other  words,  he  showed 
that  the  vagus  contains  accelerator  fibers  and  that  after  atropine  was 
injected  the  inhibitory  fibers  were  paralyzed  while  the  accelerator  fibers 
were  not  acted  upon,  so  that  stimulation  of  the  peripheral  end  of  the  cut 
vagus  resulted  in  a  stimulation  of  the  accelerator  fibers  with  the  result 
that  the  heart  rate  was  acclerated.  Arloing  (19)  also  maintained  that 
there  were  accelerator  fibers  in  the  mammahan  vagus.  I  repeated  this 
experiment  and  obtained  the  same  results.  In  every  case,  practically, 
stimulation  of  the  peripheral  end  of  the  cut  vagus  after  atropine  had 
been  administered  gave  an  increased  heart  rate. 

Another  point  of  interest  which  was  brought  out  in  these  experiments 
is  the  fact  that  the  accelerators  are  receiving  afferent  impulses  from  the 
vagi  and  that  therefore  there  is  a  definite  relationship  between  afferent 


TABLE  3 


When  injected  intravenously: 

Before  injection  of  atropine .  . 

After  injection  of  atropine  .  . . . 
When  injected  by  stomach  tube: 

Before  injection  of  atropine.. . 

After  injection  of  atropine  .  . . . 

Percentage  change 


PRESSURE 


145 
122-106-97-92-83 


127 

132 

4 


to  efferent  roots  in  the  maintenance  of  blood  pressure.  The  following 
series  of  experiments  will  tend  to  bring  this  point  out. 

Atropine  was  administered  either  directly  intravenously  or  by  the 
stomach  tube,  and  sufficient  time  was  given  for  its  absorption  and  action. 

The  vagus  contains  both  afferent  and  efferent  fibers  but  only  the  latter 
are  affected,  leaving  the  afferent  pathway  intact.  After  the  lapse  of  a 
short  time  either  the  right  or  the  left  vagus  was  sectioned,  and  its  central 
end  ligated.  A  medium  tetanizing  current  was  then  used  to  stimulate 
this  central  part  of  the  nerve.  If  the  stellate  ganglia  and  the  accelerator 
nerves  were  intact  a  rise  of  pressure  was  always  obtained.  If  however 
the  accelerators  had  been  removed,  this  rise  in  pressure  was  never 
obtained,  but  a  fall  was  the  rule.  In  other  words  afferent  impulses  from 
the  vagus  nerves  reflexly  affect  the  central  accelerator  mechanism,  so 
that  this  is  in  a  measure  dependent  for  its  activity  on  the  afferent  im- 
pulses coming  over  the  vagi. 
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IV.  Atropine:  Vagi  intact  but  with  prior  excision  of  the 
STELLATE  GANGLIA.  In  this  series  of  experiments  excision  of  the  stellate 
ganglia  was  immediately  followed  by  a  great  fall  of  pressure  and  a 
decreased  heart  rate.  After  the  administration  of  atropine,  either 
intravenously  or  by  the  stomach  tube,  the  blood  pressure  rose  slightly 
while  the  heart  rate  also  increased.  Administration  of  atropine  after 
the  removal  of  both  stellate  ganglia  gives  results  somewhat  similar  to 
those  following  bilateral  vagotomy  after  excision  of  the  stellate  ganglia. 
This  series  of  experiments  again  illustrates  the  fact  that  the  maintenance 
of  a  certain  degree  of  blood  pressure  is  dependent  upon  the  accelerators, 
while  the  vagi  maintain  a  slight  tonic  action  on  blood  pressm'e  after  the 
removal  of  the  accelerators  or  the  stellate  ganglia.  Likewise  a  tonic 
action  is  maintained  by  the  vagi  on  heart  rate,  for  after  their  section  or- 
paralysis  by  atropine  the  heart  is  immediately  accelerated,  although  the 
rate  maintained  at  the  beginning  of  the  experiment  is  never  reached,  if 

TABLE  4 


BATE 

PRESSCBE 

Before  excision  of  the  stellate  ganglia 

After  excision  of  the  stellate  ganglia 

After  the  injection  of  atropine 

Percentage  change 

202 

184 

190 

6 

152 
82 

115 
24 

the  vagi  are  sectioned  or  paralyzed  by  atropine  subsequent  to  the 
excision  of  both  stellates. 

Stimulation  of  the  central  end  of  the  right  or  left  vagus  with  the  other 
one  intact,  and  with  atropine  administered,  but  with  the  stellates 
removed,  results  in  a  fall  of  pressure,  whereas  with  the  stellates  intact 
the  usual  rise  of  pressure  is  obtained.  This  again  illustrates  the  fact 
that  the  central  accelerator  mechanism  is  in  a  measure  dependent  for 
its  activity  on  the  afferent  impulses  coming  over  the  vagi. 

V.  Section  of  accelerators,  vagi  intact.  Section  of  the  ac- 
celerator branches  from  the  stellate  ganglia  results  in  a  fall  of  pressure. 
The  heart  rate  however  does  not  seem  to  be  reduced  as  much  in  this 
case  as  when  the  stellate  ganglia  are  completely  removed,  in  which  case 
there  is  a  great  fall  in  pressure  and  heart  rate.  With  the  accelerator 
branches  alone  sectioned,  the  pressure  subsequently  goes  up  slightly 
and  with  it  the  heart  rate  is  somewhat  accelerated.  This  is  possibly, 
even  probably,  due  to  accelerator  impulses  reaching  the  heart  thi'ough 
the  cervical  ganglia  (20),  (21). 
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VI    Section    of   accelerators   after   division    of    both    vagi 

''^"^'"rlXlTsL^r::i  t"°ned  Tno  o'Lr  experi^nenta,  lesions 
Itlde  buti  thTacceL-ators  are  sectioned  subsequent  to  bUatera 
are  maae,  uuu  nressure  and  a  decreased  heart  rate.     The 

;  jrL  r;u?tJtS X  accelerate,  is  not  a.  great  in  tMs 
ca  e  a  in  the  case  where  the  stellate  gangha  are  first  removed  'md 
double  vagotomy  done  subsequently  but  the  *»se  ^  ^^^^^ 
first  case  is  greater  than  in  the  second  case.  It  would  thus  appear  tnai 
t  limate  heart  rate  and  the  ultimate  blood  P---^  ^ePe^^^^^ 
siderably  on  whether  the  accelerators  or  the  vagi  are  sectioned  first. 


table  5 


:Before  accelerators  are  sectioned 
After  accelerators  are  sectioned .  . 
Percentage  change. 


158 
156 

9 


PBE3SUBE 


147 
95 
35 


table  6 


Before  the  division  of  both  vagi . 
After  the  division  of  both  vagi .  . 
After  section  of  the  accelerators . 
Percentage  change 


202 

218 

ISO 

11 


138 

152 

105 

24 


With  the  ultimate  heart  rate  the  opposite  seems  to  be  true,  namely, 
there  is  a  greater  final  fall  in  heart  rate  when  the  vagi  are  sectioned  hrst 
and  this  procedure  followed  by  section  of  the  accelerators  than  when  the 
accelerators  are  sectioned  first  and  this  procedure  followed  by  double 

vagotomy. 

VII  Section  of  the  accelerators  after  administration  of 
atropine  In  practically  all  respects  this  series  of  experiments  agrees 
with  the  results  that  would  be  obtained  if  the  vagi  had  been  sectioned 
and  this  procedure  followed  by  the  removal  of  the  accelerators.  The 
percentage  changes,  however,  were  not  quite  as  large.  I  pon  the  ad- 
ministration of  atropine  the  blood  pressure  rose  and  the  heart  rate  was 
increased.     Now  if  the  accelerators  are  removed,  blood  pressure  falls 
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while  the  heart  rate  decreases.  It  would  seem  that  if  the  vagi  are  first 
paralyzed  by  atropine  or  sectioned,  the  subsequent  removal  of  the  ac- 
celerators is  followed  by  a  smaller  fall  of  blood  pressure  and  a  slightly 
greater  decrease  in  heart  rate.  Immediately  upon  the  removal  of  the 
accelerators,  the  pressure  falls;  in  time  the  pressure  gradually  rises,  but 
the  initial  pressure  and  the  heart  rate  are  never  reached  again. 

It  would  thus  appear  that  when  all  the  extrinsic  cardiac  nerves  are 
cut,  either  the  heart  rate  falls  somewhat  and  blood  pressure  considerably 
or  there  may  be  a  greater  decrease  in  heart  rate  and  only  a  moderate 
fall  of  blood  pressure.  The  final  result  seems  to  depend  on  whether  the 
vagi  or  the  accelerators  are  removed  first.  Table  7  will  bring  this  point 
out  clearly. 

VIII.  Section  of  the  vagi  subsequent  to  ligation  of  the  ad- 
renals. This  series  of  experunents  was  undertaken  for  the  purpose  of 
seeing  whether  adrenalin  played  any  part  in  the  maintenance  of  blood 

table  7 


RATE 

PRESSURE 

Before  the  administration  of  atropine 

After  the  administration  of  atropine 

After  the  accelerators  are  removed 

Percentage  change 

210 

216 

194 

10 

127 

132 

105 

20 

pressure  under  the  conditions  given.  In  ever}^  case  that  has  yet  been 
investigated,  the  action  of  adrenalin  on  muscle  is  identical  with  that 
produced  by  stimulation  of  the  s^inpathetic  nerve  supply  to  that  tissue 
(22).  Since  the  accelerators  belong  to  the  sympathetic  nervous  system, 
it  was  thought  that  there  might  possibly  be  some  relationship  between 
their  influence  over  blood  pressure  and  the  amount  of  adrenalin  secreted. 
The  usual  procedure  in  dissecting  out  the  adrenals  was  to  make  an 
incision  in  the  mid  dorso-ventral  line  near  the  region  of  the  kidney, 
great  care  being  taken  not  to  injure  the  diaphragm.  The  fat  and 
fascia  around  the  adrenals  were  carefully  dissected  away  leaving  the 
gland  free  all  around.  The  adrenal  lumbar  vein  which  carries  away  the 
secretion  of  the  gland  was  tightly  ligated  and  then  to  make  doubly  sure 
a  ligature  was  passed  around  the  entire  gland  thus  shutting  it  off  com- 
pletely from  the  vein.  In  no  case  was  there  a  sufficiently  large 
hemorrhage  to  cause  any  change  in  heart  rate  or  blood  pressure. 

Immediately  after  ligation  of  the  adrenals  there  was  a  smaU  fall  in 
pressure  in  every  one  of  the  series  of  animals  studied. 
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The  next  procedure  was  to  section  both  vagi.  In  these  experiments 
it  was  desired  to  see  whether  or  not  the  accelerators  cut  off  from  a  supply 
of  adrenalin  were  able  to  cause  the  usual  increased  blood  pressure  and 
the  usual  increased  heart  rate,  which  is  obtained  after  double  vagotomy 
under  normal  conditions.  Immediately  following  double  vagotomy  an 
increased  blood  pressure  was  obtained  which  lasted  for  a  few  seconds 
only,  and  then  the  pressure  began  to  fall.  The  heart  rate  was  however 
slightly  increased  both  after  ligating  the  adrenals  and  after  double 
vagotomy. 

IX.  Partial  cerebral  aneml\  followed  by  the  removal  of  the 

STELLATE  GANGLIA  AND  SUBSEQUENT  SECTION  OF  THE  VAGI.      When,    for 

anj^  reason,  the  volume  of  blood  circulating  through  the  brain  in  unit 
time  is  greatly  reduced,  there  is  a  cardio-vascular  reaction  in  a  direction 
tending  to  restore  the  normal  volume  conditions  in  the  brain.  Blood 
pressure  rises  markedly,  and  one  often  finds  a  departure  from  the  usual 

TABLE  8 


RATE 

PKE8SCBE 

Before  ligation  of  the  adrenals 

After  ligation  of  the  adrenals 

210 

226 
231 

154 

144 

Immediately  after  double  vagotomy 

A  few  seconds  after  double  vagotomy 

160 
135 

relations  expressed  in  Marey's  law,  of  a  slower  pulse  rate  with  a  high 
blood  pressure.  The  vasoconstrictor  part  of  the  response  has  been 
studied  by  Winkin  (26)  and  it  seems  desirable  to  get  some  further 
evidence  upon  the  more  strictly  cardiac  changes  under  conditions  of 
reduced  blood  supply  to  the  brain,  and  the  role  payed  by  the  cardiac 
nerves  in  the  response  of  the  organism  to  such  a  change  of  internal 
conditions. 

A  state  of  partial  cerebral  anemia  was  induced  by  the  occlusion  of 
the  right  carotid  artery,  and  the  right  and  left  vertebral  arteries,  but 
allowing  a  small  amount  of  collateral  circulation.  Ligation  of  these 
cerebral  arteries  and  the  production  of  a  state  of  partial  cerebral  anemia 
is  followed  in  some  animals  by  a  fall  of  arterial  pressure  instead  of  the 
usual  rise  of  pressure.  This  response  was  observed  in  a  nmnber  of 
animals  in  this  series  of  experiments.  This  condition  can  be  remedied  by 
releasing  one  of  the  vertebrals,  usually  the  left.  In  this  series  of  experi- 
ments the  stellate  gangha  were  removed  before  the  production  of  partial 


AFFERENT   IMPULSES   AND    CARDIO-VASCULAR   CENTERS 


189 


cerebral  anemia.  The  usual  fall  of  blood  pressure  and  heart  rate  was 
observed  following  the  removal  of  the  accelerator  influences  on  the  heart. 
Now  when  the  cerebral  arteries  were  occluded,  with  the  exception  of  the 
collateral  circulation  mentioned  above,  the  pressure  rose  while  the  heart 
rate  slightly  decreased.  On  releasing  the  carotid,  the  pressure  fell  to 
slightly  below  normal.  The  second  occlusion  was  also  followed  by  an 
increased  blood  pressure,  but  in  this  case  the  pressure  did  not  rise  as  high 
as  in  the  first  occlusion,  while  the  heart  rate  sHghtly  dhninished.  The 
third  occlusion  and  every  occlusion  following  was  accompanied  by  a 
gradual  decrease  in  blood  pressure  and  heart  rate. 

Section  of  the  vagi  during  the  period  of  partial  cerebral  anemia  is 
followed  by  a  great  increase  in  blood  pressure  and  heart  rate  as  com- 

TABLE  9 


RATE 

i-RE-SUHE 

Normal 

225 
1G9 
183 
173 
160 
203 
193 
198 
198 
188 

130 

Stellates  removed ... 

94 

1st  occlusion 

155 

2nd  occlusion 

Ul 

3rd  occlusion 

132 

Vagi  sectioned .... 
Normal  circulation 
1st  occlusion 

restored  

180 
133 

172 

2nd  occlusion 

170 

End  of  the  experiment 

115 

pared  with  blood  pressure  and  heart  rate  when  the  vagi  were  still  intact. 
Especially  was  there  an  increase  in  heart  rate  as  the  table  below  will 
show.  Occlusion  of  the  cerebral  arteries  is  now  followed  by  a  pressure 
and  rate  much  greater  than  in  the  case  when  the  vagi  were  intact.  The 
second  and  subsequent  occlusions  result  in  a  rise  of  pressure  which  is 
much  greater  than  in  the  previous  case  when  the  vagi  were  intact.  In 
the  case  of  the  heart  there  is  also  an  increase  over  the  rate  present  when 
the  vagi  were  intact,  but  the  rate  is  not  as  high  as  the  rate  observed  at 
the  beginning  of  the  experiment. 

A  higher  rate  of  the  heart  at  the  beginning  of  the  experiment,  than 
is  ever  attained  after  section  of  the  accelerators  and  the  vagi,  indicates  a 
tonic  action  of  the  accelerators.  This  is  not  consistent  with  the  results 
of  Gasser  and  Meek  who  deny  the  tonicity  of  the  accelerator  nerves. 
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X.  Partial  cerebral  anemia  followed  by  section  of  the  vagi, 
STELLATE  GANGLIA  INTACT.  A  Condition  of  partial  cerebral  anemia  was 
induced  as  described  above,  with  all  the  cardiac  nerves  intact.  The 
usual  rise  of  pressure  and  the  slightly  decreased  heart  rate  are  observed. 
The  primary  decrease  in  heart  rate  is  usually  followed  later  on  by  an 
increased  heart  rate  if  the  condition  of  partial  cerebral  anemia  is  allowed 
to  remain  without  any  further  lesion.  This  later  acceleration  might  be 
explained  by  the  following.  Schiff  showed  that  the  accelerator  fibers 
of  the  vagus  resist  degenerative  changes  longer  than  the  inhibitory 
fibers.  Arloing  (19),  who  repeated  Schiff 's  work,  says  there  are  four 
kinds  of  fibers  in  the  vagus,  one  kind  being  the  accelerator  fibers,  and 
confirms  Schiff's  work  as  to  their  greater  resistance  to  degeneration. 
Other  experiments  have  shown  that  the  accelerator  fibers  retain  their 
vitality  longer  after  death  of  the  animal  than  the  inhibitor}-  fibers.  It  is 
conceivable  therefore  that  the  accelerators  are  more  resistant  to  anemia 
than  the  inhibitory  fibers.  Stewart,  Guthrie,  Burns  and  Pike  (5)  and 
Winkin  (26)  have  also  shown  that  there  is  a  vasoconstriction  in  the 
splanchnic  area  during  cerebral  anemia.  The  rise  in  pressure  and  the 
accelerated  heart  may  perhaps  be  attributed  to  the  action  of  the  vaso- 
constrictor mechanism  and  in  part  to  the  action  of  the  accelerator 
fibers  in  the  vagus. 

The  results  of  sectioning  the  vagi  during  a  condition  of  partial  anemia 
depend  on  whether  the  accelerators  are  present  or  not.  If  the  ac- 
celerators are  present,  the  pressure  rises  very  high  on  partial  occlusion 
of  the  cerebral  arteries.  On  releasing  the  head  arteries,  the  pressure 
never  falls  below  the  control  pressure  maintained  by  the  animal ;  whereas 
if  the  accelerators  have  been  excised,  the  pressure  does  fall  below  the 
control  level.  If  the  vagi  are  sectioned  when  the  accelerators  are  not 
present,  and  then  the  cerebral  arteries  are  occluded,  the  pressure  does 
not  rise  very  high  and  following  the  release  the  pressure  falls  below  the 
control  level.  The  accelerator  mechanism  seems  to  stand  in  the  way 
of  a  falling  blood  pressure  and  saves  the  cells  from  a  deficiencj^  in  the 
amount  of  blood  circulating  to  them. 

A  contrast  of  the  deportment  of  the  heart  when  the  vagi  are  sectioned 
during  a  state  of  partial  cerebral  anemia  with  the  accelerator  mech- 
anism intact  and  with  the  accelerator  mechanism  removed  is  shown  by 
the  results  of  the  follov/ing  two  experiments. 
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BLOOD  PRESSURE 

Normal 

122 

Cerebral  arteries  partially  occluded  after  section  of  the  vagi  with 
the  accelerators  intact 

210 

Normal  circulation  restored 

125 

Normal 

130 

Cerebral  arteries  partially  occluded  after  section  of  the  vagi  and 
removal  of  the  acelerators 

140 

Normal  circulation  restored 

105 

Section  of  the  vagi  during  a  state  of  partial  cerebral  anemia  with  the 
accelerators  intact  is  followed  by  a  great  increase  both  in  blood  pressure 
and  the  heart  rate.  On  releasing  the  cartoid  the  pressure  and  heart  rate 
fall  to  a  little  above  that  maintained  at  the  beginning  of  the  experiment. 


TABLE  10 

RATE 

PRESSURE 

Normal 

197 
191 
214 
217 
212 
212 
210 
200 

128 

After  occlusion 

197 

Vagi  sectioned 

207 

1st  occlusion 

207 

2nd  occlusion 

206 

3rd  occlusion 

207 

4th  occlusion .                 

206 

Normal  circulation  restored 

135 

XI.  Partial  cerebral  anemia  followed  by  section  of  the  vagi 

AND   SUBSEOUENT  REMOVAL   OF   THE   STELLATE   GANGLIA.      In  this    Case, 

section  of  the  vagi  is  followed  by  the  increased  pressure  and  heart  rate 
described  in  the  preceding  table.  Now  if  the  stcllates  are  removed  the 
pressure  falls  very  much  below  normal,  while  the  heart  rate  also  de- 
creases. If  a  state  of  partial  cerebral  anemia  is  now  induced  by 
occluding  the  cerebral  arteries,  leaving  a  slight  collateral  circulation  by 
way  of  the  left  vertebral  artery,  the  pressure  increases,  while  the  heart 
rate  remains  about  the  same.  The  second  and  subsequent  occlusions 
raise  the  pressure  to  about  the  same  degree  as  the  first  occlusion,  and 
the  heart  rate  remains  constant.  It  would  seem  as  if  the  removal  of  the 
stellate  ganglia  had  removed  the  mechanism  by  means  of  which  a  high 
blood  pressure  can  be  obtained,  when  it  is  to  the  best  interest  of  the 
organism  to  have  a  higher  pressure  than  is  present.     The  absence  of 


192 


JOSEPH    TULGAN 


this  mechanism  may  then  be  injurious  to  the  best  interest  of  the  organ- 
ism when  a  high  blood  pressure  and  an  accelerated  heart  rate  are 
necessary. 

XII.  Section  of  the  vagi  during  complete  cerebral  anemia.  In 
all  the  experiments  previous  to  this,  the  vagi  were  sectioned  either  when 
the  entire  circulation  was  intact  or  during  a  state  of  partial  cerebral 
anemia  when  a  certain  amount  of  collateral  circulation  to  the  head  was 
still  open.  In  each  case  a  rise  of  blood  pressure  and  an  increased  heart 
was  observed.  Whether  this  effect  was  due  to  central  or  peripheral 
forces  could  not  be  determined  under  these  conditions,  and  so  the  same 
experiment  was  repeated  with  complete  cerebral  anemia.  The  cerebral 
anemia  was  considered  complete  when  all  voluntary  and  involuntary 
activities  had  ceased.     WTien  the  hind  limbs  became  quiet,  and   the 


TABLE  11 

RATE 

FBBSSUBB 

Normal 

184 
168 
206 
206 
202 
204 
184 
184 
184 
186 

130 

After  occlusion 

154 

Vagi  sectioned 

197 

1st  occlusion 

196 

2nd  occlusion 

195 

3rd  occlusion 

197 

Stellates  removed 

94 

1st  occlusion 

12*^ 

2nd  occlusion 

199 

3rd  occlusion 

199 

blood  pressure  began  to  fall,  complete  cerebral  anemia  was  present. 
If  the  vagi  are  sectioned  during  complete  cerebral  anemia,  there  is 
absolutely  no  change  in  blood  pressure  or  heart  rate  as  compared  to 
that  present  before  the  section  was  made.  If  a  state  of  cerebral  anemia 
however,  is  not  present,  as  in  the  case  when  the  circulation  to  the  head 
is  not  interfered  with  at  all,  section  of  the  vagi  is  followed  by  a  rise  of 
blood  pressure  and  an  increased  heart  rate. 

This  experiment  then  shows  that  the  rise  in  blood  pressure  and  in- 
creased heart  rate,  which  are  observed  on  sectioning  the  vagi,  are  a 
central  effect  and  are  not  due  to  any  peripheral  activity  for  when  the 
entire  brain  is  made  functionless  by  depriving  it  of  its  normal  blood 
supply,  the  reactions  that  normally  occur  when  the  blood  supply  to  it  is 
mtact,  such  as  an  increased  blood  pressure  and  heart  rate,  are  abolished. 
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Discussion  of  results.  At  the  beginning  of  this  paper  it  was  stated 
that  the  object  of  these  experiments  was  to  determine  whether  there  was 
any  relation  of  afferent  to  efferent  roots  in  the  maintenance  of  blood 
pressure  or  whether  this  function  was  entirely  automatic.  The  central 
respiratory  nervous  mechanism  and  the  central  cardio-vascular  mech- 
anism function  so  nearly  alike  in  this  respect  that  it  would  be  well  to 
state  here  the  views  of  Pike  and  Coombs  (23)  in  regard  to  the  nervous 
control  of  respiration.  These  authors  in  a  brief  summarj^  of  the 
organization  of  the  nervous  mechanism  of  respiration  conclude  as 
follows.  "While  it  is  undoubtedly  true  that  the  respiratory  center  may 
act  automatically  under  conditions  which  preclude  the  effect  of  afferent 
impulses,  it  is  our  opinion  that  its  normal  activity  is  not  wholly  auto- 
matic but  partly  reflex."  In  various  publications  the  same  authors 
have  shown  that  afferent  unpulses  reach  the  respiratory  center  in  higher 
mammals  from  the  lungs  and  the  respiratory  epithelium  generally,  parts 
of  the  alimentary  epithelium,  the  pleura,  the  muscles  of  the  thoracic 

TABLE  12 

PRESSURE 


Normal 168  150 

Complete  cerebral  anemia 160  200 

Vagi  sectioned 160  200 


walls,  the  diaphragm  and  the  abdominal  muscles.  If  the  vagi  are  sec- 
tioned the  rate  of  respiration  is  slowed  for  the  reason  that  afferent 
impulses  coming  over  the  vagi,  which  are  normally  summed  with  the 
carbon  dioxide  in  the  blood  to  produce  an  excitation  of  the  cells  in  the 
medulla,  are  no  longer  present,  and  the  excitation  of  the  central  cells 
is  now  dependent  in  large  part  upon  the  carbon  dioxide  only.  If  now 
the  dorsal  roots  of  the  spinal  nerves-  are  sectioned,  there  is  a  further 
fall  in  the  respiratory  rate,  due  to  a  greater  loss  of  afferent  impulses  to 
the  central  cells  in  the  medulla.  The  cells  in  the  medulla  now  become 
wholly  dependent  upon  the  carbon  dioxide  of  the  blood. 

Briefly  stated,  then,  the  respiratory  center  normally  receives  afferent 
impulses  from  certain  sensory  fields.  If  these  afferent  impulses  are 
prevented  from  reaching  the  central  cells  in  the  medulla  by  sectioning 
the  vagi  and  the  dorsal  roots  of  the  spinal  nerves,  respiration  does  not 
cease  but  continues  in  a  modified  form.  The  same  statement  can  be 
made  in  regard  to  the  central  cardio-vascular  mechanism.     If  all  the 


194  JOfeEPH   TULGAN 

cardiac  nerves  are  sectioned,  the  blood  pressure  does  not  drop  to  zero, 
but  it  is  maintained  at  a  certain  level  which  is  not  the  same  as  in  the  same 
animal  with  the  cardiac  nerves  intact. 

The  nervous  centers  concerned  with  the  regulation  of  the  cardio- 
vascular mechanism  are  situated  in  the  medulla  and  have  a  wide  relation 
with  afferent  nerve  fibers  from  all  parts  of  the  body  including  the  heart 
itself.  To  the  heart  go  efferent  fibers  which  carry  impulses  from  the 
central  mechanism  which  increases  or  decreases  its  rate,  and  to  the  blood 
vessels  go  fibers  which  may  change  their  caliber  and  thus  change  blood 
pressure.  Sherrington  and  Wickwire  have  shown  that  section  of  all 
the  dorsal  spinal  roots  has  no  effect  on  blood  pressure,  and  so  we  may 
concern  ourselves  with  the  changes  brought  about  by  sectioning  the 
cardiac  nerves  themselves. 

Th^^  problem  of  the  relation  of  afferent  impulses  to  the  activity  of  the 
central  cardio-vascular  nervous  mechanism  may  be  divided  into  two 
parts.  1,  The  determination  of  whether  or  not  blood  pressure  may 
persist  after  section  of  all  the  afferent  nerves;  and  2,  the  character  of 
the  response  to  changes  at  the  periphery.  There  is  little  doubt  that  the 
respiratory  mechanism  in  the  medulla  may  function  in  the  absence  of 
all  afferent  nervous  impulses.  But  it  is  equally  clear  that  under  these 
conditions  no  modifications  of  the  respiration  can  be  brought  about  by 
peripheral  changes  which  cannot  affect  the  central  mechanism  directly 
or  indirectly  through  the  blood.  It  is  possible,  also,  that  blood  pres- 
sure may  be  maintained  in  the  absence  of  all  afferent  nervous  impulses, 
but  the  absence  in  such  a  steady  uniform  condition  of  any  characteristic 
modification  such  as  changes  in  the  rate  of  respiration,  would  mask  any 
noticeable  manifestations  of  the  effect  of  elimination  of  the  afferent 
nervous  impulses.  One  would  expect,  however,  a  failure  of  the  usual 
responses  to  peripheral  changes. 

That  a  definite  relation  between  afferent  and  efferent  roots  exists  in 
the  maintenance  of  blood  pressure  has  been  shown  in  an  earlier  part  of 
this  paper.  If  atropine  is  injected,  thus  paralyzing  the  efferent  fibers 
of  the  vagi,  and  then  th  e  central  end  of  the  cut  vagus  is  stimulated,  a 
definite  rise  of  blood  pressure  is  obtained  if  the  stellate  ganglia  and  the 
accelerator  nerves  are  intact;  but  a  fall  of  pressure  is  the  rule  if  the 
latter  are  removed.  In  other  words,  afferent  impulses  over  the  vagi 
reflexly  affect  the  central  accelerator  mechanism. 

That  blood  pressure  does  persist  after  section  of  all  the  afferent  nerves 
has  ah-eady  been  shown.  In  this  respect  the  cardio-vascular  system 
may  be  compared  to  the  respiratory  system,  since  respiration  will  go  on 
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even  after  all  the  afferent  nerves  are  sectioned,  but  in  each  case  we  get  a 
modified  type  of  respiratory  or  cardio-vascular  response.  This  in- 
dicates that  a  certain  amount  of  automatism  is  present  in  both  these 
systems,  but  does  not  preclude  the  presence  of  the  relation  of  afferent 
to  efferent  roots  also. 

As  to  the  character  of  the  responses  at  the  periphery  after  the  elimina- 
tion of  the  afferent  cardiac  nerves,  experiments  indicate  that  there  is  a 
failure  of  the  usual  responses  at  the  periphery.  If  the  cerebral  arteries 
are  partially  occluded  when  the  vagi  are  intact,  we  get  a  rise  of  pressure 
not  verj'  much  above  the  normal  pressure  while  the  heart  rate  decreases 
somewhat.  If  now  the  vagi  are  sectioned  and  afferent  impulses  from  the 
heart  can  no  longer  reach  the  central  cells  in  the  medulla,  a  state  of 
partial  cerebral  anemia  results  in  a  great  rise  of  blood  pressm-e  and  an 
increased  heart  rate.  Wickwire  (16)  in  a  study  of  the  reciprocal  reac- 
tions of  the  cardio-vascular  system  has  shown  that  when  the  vagi  are 
intact  compression  of  the  abdominal  aorta  is  followed  by  a  compensatory 
response  of  heart  rate  to  changing  blood  pressure,  the  magnitude  of  the 
response  varying  with  the  depth  of  anesthesia.  The  carotid  blood 
pressure  increases  while  the  heart  rate  decreases.  If  the  same  experi- 
ment is  carried  out  under  similar  conditions  but  with  bilateral  vagotomy, 
the  compensatory  response  of  a  lower  heart  rate  to  increased  blood  pres- 
sure remains,  but  the  degree  of  compensation  is  much  less  than  before 
division  of  these  nerves.  Yates  (24)  has  also  found  that  if  the  medulla 
is  intact,  stimulation  of  the  brachial  plexus  results  in  a  rise  of  blood 
pressure.  If  the  medulla  is  eliminated  by  producing  a  state  of  cerebral 
anemia  the  stimulation  of  the  brachial  plexus  produces  no  rise  of  blood 
pressure.  It  seems  safe  to  conclude  that  the  response  at  the  periphery- 
seems  to  depend  on  whether  afferent  impulses  can  reach  the  central 
cardio-vascular  mechanism.  If  these  afferent  impulses  are  prevented 
from  reaching  the  medulla  by  sectioning  the  afferent  nerves  or  b}^  the 
production  of  a  state  of  cerebral  anemia  the  usual  response  at  the 
periphery  changes  or  fails  entirely. 

It  will  be  observed  on  consulting  table  1  that  if  the  vagi  are  sectioned 
there  is  an  appreciable  change  in  both  rate  and  blood  pressure.  If 
afferent  impulses,  however,  can  reach  the  central  mechanism  as  in  the 
case  where  atropine  is  injected,  the  change  in  rate  and  pressure  is  not  so 
large  as  is  shown  by  table  3.  It  would  seem  that  afferent  impulses 
from  the  heart  over  the  vagi  are  necessary  to  keep  the  rate  and  pressure 
down  to  a  normal  level  so  that  the  cardio-vascular  system  is  prevented 
from  maintaining  too  high  a  rate  and  pressure.     In  the  case  where  the 
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vagi  are  sectioned  after  both  stellates  are  removed  we  also  notice  a 
greater  fall  in  both  rate  and  pressure  than  when,  instead  of  sectioning 
the  vagi,  atropine  is  injected.  In  the  latter  case  the  afferent  path  of  the 
vagus  is  still  open  and  as  a  result  of  afferent  impulses  reaching  the 
medulla  the  rate  and  pressure  do  not  fall  as  markedly  as  when  afferent 
impulses  are  prevented  from  reaching  the  medulla.  A  comparison  of 
tables  2  and  4  will  bring  this  point  out. 

Again,  if  the  accelerators  are  sectioned  after  division  of  both  vagi 
we  find  a  greater  fall  in  both  heart  rate  and  blood  pressure  than  when  the 
accelerators  are  removed  after  atropine  is  injected.  This  again  seems 
to  point  to  the  conclusion  that  afferent  impulses  over  the  vagi  tend  to 
keep  the  central  cells  in  the  medulla  in  check  and  brings  out  the  relation 
of  aflferent  to  efTcrent  roots  in  the  maintenance  of  blood  pressure.  A 
comparison  of  tables  6  and  7  will  bring  this  point  out. 

There  is  no  evidence  from  these  experiments  tending  to  show  that 
afferent  impulses  over  the  vagi  tend  to  inhibit  the  accelerator  mechanism 
after  the  administration  of  atropine. 

These  experiments  have  also  brought  out  some  points  on  the  function 
of  the  cardiac  nerves.  If  the  vagi  are  sectioned  after  the  removal  of  the 
stellate  ganglia,  the  heart  rate  and  blood  pressure  increase  considerably. 
The  normal  action  of  the  vagus  then  is  to  maintain  a  tonic  action  over 
blood  pressure  and  heart  rate.  This  fact  is  brought  out  still  more 
strikingly  in  later  experunents.  If  the  stellate  ganglia  are  removed  and 
then  the  cerebral  arteries  are  partially  occluded,  with  the  vagus  intact, 
a  rise  of  pressure  is  obtained  as  well  as  an  increase  in  heart  rate.  The 
second  occlusion,  however,  results  in  a  rise  of  pressure  which  is  not  as 
large  as  the  first,  while  the  heart  rate  also  decreases.  The  third  occlu- 
sion results  in  a  rise  of  pressure  which  is  still  lower  than  in  the  second 
case,  while  the  heart  rate  also  decreases.  Every  occlusion  after  this 
one  is  followed  by  a  still  smaller  rise  of  pressure  and  a  decreased  heart 
rate.  These  results  indicate  that  the  vagi  are  concerned  with  keeping 
the  blood  pressure  and  heart  rate  down  to  or  sometimes  below  a  level 
which  is  to  the  best  interest  of  the  organism.  The  vagi  seem  to  stand 
in  the  way  of  a  rising  tide  of  pressure,  and  this  obstruction  may  be  to  the 
disinterest  of  the  organism.  Haldane  has  pointed  out  that  in  the  case 
of  the  respiratory  system  the  vagi  may  sometunes  act  to  the  disinterest 
of  the  organism.  The  same  statement  may  be  made  in  the  case  of  the 
cardio- vascular  system  for  sometimes  the  vagi  may  stand  in  the  way  of  a 
rising  pressure  when  it  is  to  the  best  interests  of  the  organism  to  have  a 
high  pressure,  as  in  cerebral  anemia. 
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The  results  obtained  on  section  of  the  vagi  during  a  state  of  partial 
cerebral  anemia  seem  to  depend  on  whether  the  accelerators  are  intact 
or  whether  they  have  been  previously  excised.  If  the  accelerators  are 
intact,  section  of  the  vagi  is  followed  by  a  very  high  blood  pressure. 
When  the  normal  circulation  is  restored,  the  pressure  does  not,  in  general, 
fall  below  the  level  maintained  at  the  beginning  of  the  experiment.  If, 
however,  the  accelerators  have  been  excised  preliminary  to  section^of 
the  vagi,  partial  occlusion  of  the  cerebral  arteries  results  in  a  rise  of 
pressure  which  is  not  very  much  above  the  pressure  maintained  at  the 
beginning  of  the  experiment.  Upon  restoring  the  normal  chculation, 
the  pressure  falls  very  much  below  that  maintained  at  the  beginning  of 
the  expermient.  These  experiments  seem  to  show  that  the  accelerators 
are  in  some  wa}-  concerned  with  the  maintenance  of  blood  pressure. 
That  they  respond  to  the  emergencj^  of  a  falling  pressure  is  well  shown-, 
for  in  the  case  where  the  accelerators  are  intact  the  pressure  does  not 
fall  below  normal  on  restoring  the  normal  circulation.  In  their  absence, 
however,  the  pressure  does  fall  below  the  pressure  maintained  at  the 
beginning  of  the  experiment  when  the  cerebral  circulation  is  restored. 

With  the  loss  of  the  accelerator  mechanism  the  cardio- vascular  mech- 
anism loses  an  efficient  protection  against  a  falling  pressure,  which  would 
act  to  the  disinterest  of  the  organism.  An  increased  pressure  is  then 
due  to  the  accelerator  mechanism  which  works  to  the  best  interests  of 
the  organism. 

The  responses  of  the  cardio- vascular  system  seem  to  be  guided  by  two 
antagonistic  mechanisms,  a  cardio-inhibitory  nervous  mechanism  and  a 
cardio-accelerator  nervous  mechanism,  both  of  which  through  the 
algebraic  summation  of  their  effects  act  in  the  best  interests  of  the 
organism  under  ordinar}-  conditions.  The  first  mechanism  is  concerned 
with  preventing  the  heart  from  overwork,  and  in  giving  the  heart 
musculature  a  sufficient  period  of  rest  for  its  metabolic  repair.  The 
second  mechanism  is  intimateh^  concerned  with  the  maintenance  of  a 
certain  level  of  blood  pressure  which  is  to  the  best  interests  of  the 
organism. 

Friedenthal  (25)  has  shown  that  animals  in  which  the  cardiac  nerves 
have  been  sectioned  exhibit  no  discomfort  when  at  rest,  but  are  unable 
to  undergo  any  considerable  exertion.  This  illustrates  the  tone, 
accelerator  as  well  as  inhibitor}-,  which  these  nerves  maintain  over  the 
heart. 

The  vagus,  although  the  inhibitory  nerve  to  the  heart,  has  been  shown 
in   these   experiments   to   contain   accelerator   fibers.     If   atropine   is 
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injected,  the  inhibitory  fibers  are  paralyzed,  whereas  the  accelerator 
fibers  are  not  affected.  If  the  peripheral  end  of  the  cut  vagus  is  now 
stunulated,  the  heart  rate  is  accelerated  instead  of  being  inhibited.  The 
presence  of  these  fibers  in  the  vagus  may  also  explain  in  part  the  increased 
heart  rate  which  is  obtained  after  a  preliminary  decrease  when  a  state 
of  partial  cerebral  anemia  is  brought  about.  This  is  due  to  a  greater 
resistance  of  the  accelerator  fibers  to  anemia  than  the  inhibitory  fibers, 
hence  they  will  retain  their  activity  after  the  inhibitory  fibers  have  been 
made  functionless  by  anemia. 

In  the  experiments  in  which  the  adrenals  had  been  hgated  preliminary 
to  section  of  the  vagi,  the  usual  result  of  section  of  the  vagi  under 
these  conditions  was  first  a  small  rise  of  blood  pressure  followed  by  a 
fall  in  each  case.  The  heart  rate  was,  however,  shghtly  increased  both 
after  ligation  of  the  adrenals  and  after  double  vagotom3%  What  this 
factor  was  which  caused  the  accelerated  heart  after  these  procedures 
was  not  determined. 

I  wish  to  express  my  sincere  thanks  to  Professor  Pike  for  the  sugges- 
tion of  this  problem  and  for  his  keen  interest  shown  while  these  experi- 
ments were  going  on. 

CONCLUSIONS 

1.  While  the  cardio- vascular  system  may  undoubtedly  act  auto- 
matically under  conditions  which  preclude  the  effect  of  afferent  impulses 
its  normal  activity  and  particularly  its  response  to  changing  conditions 
in  the  organism  is  not  wholly  automatic  but  partly  reflex. 

2.  Afferent  impulses  over  the  vagi  reflexly  affect  the  central  accel- 
erator nervous  mechanism. 

3.  When  the  cardiac  nerves  are  sectioned,  the  ultimate  heart  rate  and 
the  ultimate  blood  pressure  depend  on  whether  the  vagi  or  the  accel- 
erators have  been  sectioned  first. 

4.  The  accelerators  respond  to  the  emergency  of  a  falling  blood 
pressure. 

5.  The  accelerator  nerves  seem  to  maintain  a  tonic  action  over  the 
heart. 

6.  The  accelerators  seem  in  some  way  to  be  concerned  with  the 
maintenance  of  blood  pressure. 

7.  There  is  a  cardio-inhibitorj^  and  a  cardio-accelerator  mechanism, 
both  working,  under  normal  conditions,  to  the  best  interests  of  the 
organism. 
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8.  There  are  accelerator  fibers  in  the  vagus. 

9.  AdrenaKn  seems  to  be  concerned  with  the  rise  of  blood  pressure 
on  section  of  the  vagi  under  the  conditions  of  these  experiments. 
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Our  object  in  undertaking  this  research  was  to  acquire  a  more 
intimate  knowledge  of  the  specific  effects  of  high  environmental 
temperatures  upon  certain  individual  organs  and  tissues  of  the  body, 
so  that  general  effects  as  observed  among  furnace  workers  could  be 
interpreted  more  accurately  than  has  heretofore  been  possible. 

Unfortunateh',  there  are  no  animals  in  common  use  in  the  labo- 
ratory- which  are  wholly  suitable  for  such  a  study.  Of  the  domestic 
animals  the  horse  is  perhaps  to  be  preferred  because  of  the  greater 
similarity  of  its  heat-controlling  apparatus  to  that  of  man,  but  in- 
asmuch as  facilities  for  handling  animals  of  this  size  were  not  avail- 
able we  were  compelled  to  consider  the  smaller  animals.  Of  these, 
dogs  were  selected  as  being  the  most  tractable  and,  all  things  con- 
sidered, the  best  adapted  for  the  work  which  we  planned  to  do.  In 
making  this  selection  it  was  frankly  recognized  that  the  dogs  have 
developed  a  method  of  cooling  the  body  by  the  evaporation  of  water 
which  is  strikingly  different  from  that  which  obtains  in  the  horse  and 
man.  However,  in  spite  of  this  dissimilarity  and  its  possible  effects 
upon  the  gases  of  the  blood,  our  results  seem  to  indicate  that  any 
differences  are  quantitative  and  that  the  qualitative  changes  in  gas 
content  which  result  from  exposure  to  high  temperatures  are  the  same 
for  the  two  forms.  Aside  from  this  theoretical  objection  the  dogs 
proved  to  be  as  nearly  ideal  as  could  be  hoped  for. 

We  have  centered  our  attention  on  a  single  tissue— the  l^lood. 
This  tissue  was  chosen  because  of  the  rapidity  and  accuracy  with 
which  it  reflects  changes  taking  place  throughout  the  organism,  and 
because  it  is  the  only  tissue  which  may  be  sampled  at  intervals  and 
still  leave  the  animal  in  what  may  be  presumed  to  be  an  ai)proximately 
normal  condition.  The  blood  was  analyzed  for  oxygen  content  and 
capacity,  carbon  dioxide  content  and  capacity,  sugar  and  total  solids, 

1  Approved  for  publication  by  the  Surgeon  General. 
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all  of  which  were  determined  as  a  matter  of  routine.  In  a  few  cases 
the  iron  of  the  blood  was  determined  as  a  control  on  the  oxygen 
capacity.  In  a  second  series  the  hydrogen-ion  concentration  and  the 
carbon  dioxide  content  of  the  plasma  were  determined  as  routine, 
while  an  occasional  determination  of  the  lactic  acid  in  the  blood  was 

made. 

In  presenting  the  data  which  we  have  accumulated,  we  are  aware 
that  various  investigators,  from  the  time  of  Claude  Bernard  on,  have 
reported  observations  on  the  blood  of  animals  which  were  exposed  to 
high  temperatures,  but  it  seems  to  us  that  these  results  are  not  only 
fragmentary  but  in  some  cases  of  such  doubtful  accuracy  that  a 
clear-cut  interpretation  is  practically  impossible.  The  inaccuracies, 
where  they  exist,  are  due  not  only  to  faulty  chemical  technic  but 
frequently  to  an  abnormal  condition  of  the  animals.  For  example, 
many  of  them  were  subjected  to  anesthesia,  which  disturbs  not  only 
the  heat-regulating  mechanism  but  also  the  general  metabolism  of 
the  subject.  Furthermore,  these  observations  were  made  at  various 
times  upon  various  species  of  animals,  while  in  the  present  research 
we  have  endeavored  to  correlate  as  many  data  and  data  of  as  many 
different  tyipes  as  is  practical  on  a  given  series  of  individuals  of  a 
single  species. 

In  addition  to  the  previoush'  mentioned  observations  on  the 
blood,  we  have  recorded  the  rectal  temperature  and  the  body  weight 
whenever  a  sample  of  blood  was  drawn,  and  in  certain  of  the  experi- 
ments even  more  frequently. 

Methods:  I.  Chemical,  a.  The  blood  gases.  The  carbon  dioxide 
content  and  capacity  of  the  blood  were  determined  by  the  methods 
of  Van  Slyke  (1).  The  oxj-gen  content  and  capacity  were  deter- 
mined by  the  method  of  Van  Slj'ke  and  Stadie  (2),  but  we  found  it 
necessary  to  add  three  or  four  drops  more  of  the  potassium  ferri- 
cyanide  solution  than  is  recommended  by  these  authors,  possibly 
because  our  ferricyanide  was  the  product  of  a  different  manufacturer. 

All  of  the  results  reported  were  obtained  with  the  old  form  of  the 
Van  Slyke  apparatus,  having  the  short  stem.  This  apparatus  was 
checked  against  the  newer  form  having  the  longer  stem  and  the  water 
jacket  and  we  did  not  feel  that  the  differences  in  the  results  were 
sufficient  to  warrant  the  extra  time  required  by  the  latter  apparatus: 
for  this  would  have  necessitated  an  additional  observer  and,  in  our 
opinion,  the  differences  due  to  personal  equation  would  have  more 
than  offset  the  greater  precision  of  the  later  apparatus. 

h.  The  sugar  of  the  blood.  MacLean's  method  for  1  cc.  of  blood  (3), 
as  modified  by  Hastings  and  Hopping  (4),  was  used  throughout  the 
work. 
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c.  The  total  iron  of  the  blood  was  occasionall}'  determined  as  a 
means  of  controlling  the  oxygen  determinations,  using  the  method 
published  b}-  Brown  (5).  In  this  work  we  found  that  the  colorim- 
eter gave  a  more  satisfactory  means  of  comparing  the  colors  than 
did  the  method  described  by  the  author. 

d.  The  lactic  acid  was  determined  by  the  method  which  we  have 
described  elsewhere  (6)  except  that  the  filtrate  was  extracted  with 
ether  and  the  determination  made  on  the  ether  extract  instead  of  on 
the  filtrate  directly.  This  was  done  upon  the  suggestion  of  Dr. 
Isidor  Greenwald,  in  order  to  avoid  the  disturbing  influence  of  the 
sugar  of  the  blood.  It  is  recognized  that  this  method  is  not  specific 
for  lactic  acid  but  since  we  were  unable  to  find  indications  of  an 
increase  we  feel  that  it  is  sufiicient  to  justify  the  conclusions  which 
w^e  have  drawn. 

/.  The  total  solids  were  determined  by  drying  1  cc.  of  blood  to 
constant  weight  in  an  electric  oven  at  110°C.  This  was  done  in 
duplicate  in  silica  crucibles. 

g.  The  hydrogen-ion  concentration  was  determined  by  the  colori- 
metric  method  described  by  Cullen  (7).  The  phosphate  solutions 
which  were  used  as  standards  of  comparison  were  checked  by  means 
of  the  potentiometer. 

II.  Physical,  a.  The  temperature  chamber.  The  chamber  in  which 
the  animals  were  exposed  to  the  various  environmental  conditions  was 
constructed  of  two  laA'ers  of  beaver  board  separated  by  a  4-inch  air 
space.  The  chamber  contained  three  v\-indows,  one  at  one  end, 
another  on  one  side  and  a  third  on  the  top.  These  windows  were 
each  about  2  feet  square,  and  consisted  of  two  sheets  of  glass  with  a 
2-inch  air  space  between  them.  A  gas  stove  was  placed  inside  at 
one  end,  under  the  window;  at  the  opposite  end  there  was  a  single 
wooden  door  lined  with  beaver  board.  The  inside  dimensions  of  the 
chamber  were  4  feet  in  width  by  7  feet  each  in  length  and  height. 

The  method  of  heating,  of  heat  control  and  of  ventilation  was 
that  described  by  Hastings  (8),  and  it  has  proven  very  satisfactory. 
The  gas  flow  was  controlled  by  a  Roux  regulator.  A  6-inch  electric 
fan  was  installed  to  overcome  stratification  and  pockets  in  addition 
to  the  use  of  convection  currents  as  recommended  by  Hastings. 
Thermometers  placed  in  various  parts  of  the  chamber  showed  no 
stratification  or  variations  in  temperature  greater  than  one-half  of 
one  degree  Centigrade,  while  the  temperature  of  the  chamber  as  a 
whole  did  not  vary  more  than  one  degree  throughout  the  day. 

b.  The  relative  humidity  within  the  chamber  was  determined  by 
means  of  a  sling  psychrometer. 
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c.  The  body  temperature  was  taken  by  an  ordinary  certified  1-rnin- 
ute  clinical  thermometer  inserted  in  the  rectimi.  The  thermometer 
was  left  in  place  for  at  least  1|  minutes. 

d.  The  respiratory  rate  was  counted  hx  means  of  a  Fitz  pneumo- 
graph writing  on  a  smoked  drum  through  a  Marey  tambour.  This 
technic  was  made  necessary  by  the  extremely  high  rates  of  respiration 
encountered  at  the  higher  temperatures. 

III.  Biological.  All  of  the  dogs  used  in  these  experiments  were 
adult,  short-haired  mongrels,  varying  in  weight  from  10  to  15  kilo- 
grams. They  were  kept,  when  not  actually  in  use  for  the  experiments, 
in  a  kennel  on  the  roof,  and  were  maintained  in  a  healthy  condition 
throughout.  It  is  needless  to  say  that  they  were  used  exclusively 
for  the  purpose  of  the  research  here  reported. 

Their  diet  consisted  of  bread  and  cooked  meat  in  an  amount  at 
least  sufficient  to  maintain  their  weight.  As  a  matter  of  fact,  most 
of  them  gained  in  weight  during  the  course  of  the  experiments.  They 
received  no  food  during  the  period  of  18  hours  preceding  each  experi- 
ment. No  food  or  water  was  permitted  during  the  period  of  the 
experiments. 

It  was  our  practice  to  bring  the  dog  which  was  to  be  used  for  an 
experiment  to  the  laboratory  at  least  half  an  hour  before  actually 
beginning  the  work,  in  order  that  he  might  become  quiet  and  some- 
what accustomed  to  conditions  and  to  the  personnel  of  the  laboratorj' 
before  the  initial  sample  of  blood  was  drawn.  A  rest  period  of  at 
least  two  weeks  was  permitted  each  dog  between  experiments  to  allow 
recovery  from  any  deleterious  effects  caused  by  the  high  temperature 
or  from  the  hemorrhage  attendant  upon  the  experiment. 

During  the  exposure  in  the  heat  chamber  the  animals  were  either 
confined  in  a  cage  or  tied,  so  that  while  they  had  a  certain  amount 
of  freedom  they  could  not  come  in  contact  with  the  stove  or  otherwise 
injure  themselves  or  the  apparatus.  At  the  lower  temperatures  they 
usually  rested  quietly  or  slept  unless  disturbed  for  purposes  of  obser- 
vation. At  45°  and  50°C.  they  were  somewhat  restive  during  the 
first  few  minutes  of  the  exposure  but  later  became  quiet. 

All  of  the  blood  samples  were  drawn  from  the  jugular  vein  by 
venepuncture,  in  no  case  was  venesection  practiced. 

For  the  convenience  of  the  reader  the  results  are  presented  in  the 
form  of  graphs.  These  have  been  plotted  from  the  means  calculated 
from  the  various  values  obtained  at  the  end  of  each  interval  and  at 
each  temperature.  In  order  to  obtain  some  idea  of  the  mean  average 
condition  of  the  animals  at  the  beginning  of  the  experiments,  the 
means  and  the  mean  standard  deviations  for  all  of  the  initial  values 
of  the  several  determinations  were  calculated.     These  mean  initial 
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values  we  have  used  as  a  base  with  which  to  compare  the  effects  of 
the  experimental  procedures.  This  was  done  by  adding  algebraically 
to  each  of  the  means  of  an  experimental  series  an  amount  sufficient 
to  make  the  initial  value  of  that  series  equal  to  the  mean  of  all  the 
corresponding  initial  determinations.  Exactly  what  was  done  will 
be  made  clear  by  reference  to  table  1.  In  this  table  are  shown  the 
means  obtained  for  the  initial  determinations  and  those  for  a  single 

TABLE  1 
To  illualtale  the  method  used  in  tabulation  and  the  derivation  of  Iht  data  used  in 

plotting  the  curves 


BODY 
WEIGHT 


RECTAL 
TEM- 
PERA- 
TUBE 


PER  100  CC.  OF  BLOOD 


CO2 

ron- 
tent 


CO2 

ca- 
pacity 


O2  O2 
con-  I  ca- 
teiit  ipacity 


Glu- 
cose 


Total 
solids 


Initial  v 

allies, 

47  observations 

Mean  values 

Kg 

38.7 

cc. 

46.7 
±4.8 

cc. 

62.5 
±4.9 

cc. 

17.7 
±3.4 

cc. 

25.1 
±3.1 

mum. 

91 
±11 

twjin. 

21  7 

Mean  standard  deviation 

±2.1 

Chamber  temperature  20°C 

.  Relat 

ive  humidity  0.46 

;  12  observations 

Initial  mean 

Correction  added 

14.8 

14.8 
14.7 

14.7 

38.9 
-0.2 

38.7 

39  0 
38.6 

38.2 
38.0 

38.3 
38.1 

45.2 

1.5 

46.7 

±5.4 

45.8 

47.3 

±5.6 

40.0 
47.5 
±5.3 

40  0 

47.5 
±5.2 

07.0 
-4.5 

02.5 
±3.3 

00.9 

62.4 

±3.3 

67.7 
63.1 

±3.7 

67.9 

63.4 

±3.6 

18.4 
-0.7 

17.7 
±3.0 

19.0 

18.3 

±3.0 

18.8 

18.1 

±3.1 

18.8 

18.1 

±3.4 

25.3 
-0.2 

25.1 
±3.5 

25.7 
25.5 
±3.9 

25.6 

25.4 

±3.0 

25.5 
25.3 
±3.4 

92 

-1 

91 

±12 

87 

SO 

±17 

85 

84 

±10 

S3 

82 

±15 

22.2 
-0.5 

Modified  mean 

21,7 

Mean  standard  deviation 

2nd  hour,  mean 

±2.0 
22.4 

Modified  mean 

21.9 

Mean  standard  deviation 

4th  hour,  mean 

±1.8 
22.8 

Modified  mean 

22.3 

Mean  standard  deviation 

0th  hour,  mean 

±2.5 
22.3 

Modified  mean 

21.8 

Mean  standard  deviation 

±1.9 

temperature— 20°.  Together  with  the  means  are  shown  the  correc- 
tion which  was  added  and  the  modified  mean  so  ol)tained.  This 
last  was  used  in  all  cases  in  plotting  the  curves  shown,  (cf.  Scott 
and  Ford  (9).) 

The  formula  used  in  calcidating  the  mean  standard  deviation  was: 


Va^ 
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where  a  =  the  mean  standard  deviation;  cl  =  the  arithmetical  differ- 
ence between  the  individual  determinations  and  the  mean  for  the 
series,  and  A^  the  nmnber  of  observation. 

It  is  planned  to  publish  shortly  the  complete  data  obtained  in  this 
research  together  with  additional  material  as  a  bulletin  of  the  United 
States  Public  Health  Service.  It  is  hoped  that  those  interested  in 
the  detailed  results  will  make  use  of  this  publication. 


TABLE  2 

To  show  the  number  of  observaiions  made  and  Ike  individual  dogs  used  in  the  first 

series,  embracing  deter minal ions  of  oxygen  content  and  capacity,  carbon 

dioxide  content  and  capacity,  blood  sugar  and  total  solids 


CONDITIONS 

OBSERVATIONS  ON  DOG 

TOTAL 

Temperature 

Mean 
relative 
humidity 

E 

H 

J 

M 

P 

Q 

OBSEBVA- 
TION8 

°C. 

Initial 

7 

4 

5 

10 

10 

10 

46 

20 

46 

2 

2 

2 

2 

2 

2 

12 

30 

43 

2 

2 

2 

2 

2 

2 

12 

40 

39 

2 

0 

1 

•  ) 

•> 

2 

y 

45 

35 

1 

0 

0 

•  ) 

•) 

2 

t 

50 

28 

0 

0 

0 

2 

2 

2 

6 

TABLE  3 

To  show  the  number  of  observations  made  and  the  individual  dogs  used  in  the  second 

series,  embracing  determinations  of  the  concentration  of  hydrogen  ion  and 

carbon  dioxide  content  of  the  oxalated  plasma 


OBSERVATIONS  ON  DOG 

TOTAt 

M 

P 

S 

T 

°c. 

20 
30 
40 
45 
50 

1 

1 
1 
2 
2 

1 
1 

1 
2 

2 

1 
1 

1 
2 
2 

1 
1 
1 
2 
2 

4 

4 
4 

8 

8 

Experimental  results  and  discussion.  The  total  number  of 
experiments  which  were  carried  out  together  with  the  experimental 
conditions  to  which  the  animals  were  subjected  as  well  as  the  individ- 
ual dogs  which  served  as  subjects  are  indicated  in  tables  2  and  3. 

I,  The  effects  of  various  environmental  temperatures  upon  the  body 
temperature.  The  changes  in  the  body  temperature  during  exposure 
to  the  several  conditions  studied  are  shown  graphically  in  figure  1. 


EFFECT  OF  TEMPERATURE  UPOX  BLOOD  OF  DOG 


197 


The  mean  body  temperature  for  fortA^-seven  initial  observations  was 
38.7°C.  It  was  found  that  the  bod}-  temperature  fell  slightly  for  a 
time  and  then  remained  at  a  fairly  constant  level  for  the  remainder 
of  the  period  of  observation.  This  agrees  with  the  results  reported 
by  the  New  York  State  Commission  of  Ventilation  for  men  when 
they  were  subjected  to  similar  conditions  (10). 

At  environmental  temperatures  of  30°  the  history  for  the  dogs 
was  much  the  same  as  for  20°  except  that  the  fall  in  body  tempera- 
ture was  not  quite  so  marked.     The  New  York  State  Commission 
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Fig.  1.  Curves  to  show  the  relation  between  various  environmental  tempera- 
tures and  the  temperature  of  the  body  and  the  total  solids  of  the  blood  of  dogs. 


of  Ventilation  reported  a  slight  rise  of  body  temperature  in  men  when 
they  were  exposed  to  an  environmental  temperature  of  30°,  though 
in  their  case  the  humidity  was  80  per  cent,  much  higher  than  in  any 
of  our  experiments.  The  explanation  of  this  behavior  is  not  clear 
to  us  although  it  may  possibly  be  related  to  the  normal  diurnal 
variations  in  the  body  temperature  as  our  observations  and  those 
of  the  Commission  were  begim  in  the  morning  and  continued  for 
some  time  through  the  daj-.  Or  again  it  may  be  related  to  the 
decreased  muscular  activity  which  accompanies  confinement  in  the 
chamber  and  to  the  fact  that  no  food  was  taken  during  the  course  of 
the  observations.     This  latter  interpretation  seems  the  more  probable 
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in  view  of  the  fact  that  the  diurnal  curves  usually  shown  are  highest 
in  the  late  afternoon  and  hence  vary  in  the  sense  opposite  to  that 
observed  by  us. 

A  consideration  of  the  work  of  Rubner  (11)  is  of  interest  at  this 
point,  for  he  has  shown  that  at  20°C.  the  dog  manifests  no  increase 
in  the  rate  of  metabolism,  and  that  this  condition  of  unchanging 
metabolism  persists  while  the  environmental  temperature  is  raised  to 
at  least  30°.  He  has  further  demonstrated  that  in  the  fasting  animal 
the  minimum  energy  release  occurs  at  temperatures  of  from  30°  to 
35°C.  This  might  be  called  the  basal  energy  requirement,  or  the 
minimum  energy  release  compatible  with  mammalian  life. 

When  the  temperature  of  the  chamber  is  raised  to  40°,  the  response 
is  quite  different.  Here  we  find  a  rise  of  1  degree  in  body  temperature 
durip";  '^.\'^,  six-hour  period  of  observation,  and  as  a  rise  was  apparent 
at  the  ond  of  the  first  hour  of  exposure  there  was  no  evidence  of  an 
initial  fall  as  observed  in  the  two  previous  cases.  The  temperature 
remains  conotant  during  the  middle  period,  the  rise  being  confined 
to  the  first  and  last  two-hour  periods.  Whether  or  not  this  is  of 
significance  we  are  not  prepared  to  say. 

At  temperatures  of  45°  and  50°  a  very  marked  rise  of  the  rectal 
temperature  was  noted,  which  apparently  began  at  once.  In  fact 
this  rise  was  so  sharp  that  at  the  end  of  one  hour  the  body  temperature 
had  risen  to  such  a  point  that  it  was  not  deemed  safe  to  continue  the 
experiments  at  these  temperatures  for  a  longer  time.  On  removal 
of  the  animal  from  the  chamber  the  body  temperature  rapidly  fell 
and  two  hours  after  removal  the  body  temperature  was  subnormal,  or 
about  36°.  This  subnormal  temperature  reminds  one  of  the  con- 
ditions in  certain  stages  of  heat  stroke  in  man. 

It  will  be  noted  that  the  body  temperature  is  the  same  whether 
the  animal  had  been  exposed  to  an  environmental  temperature  of 
45°  or  50°.  This  remarkable  fact  of  a  similar  physiological  response 
to  conditions  of  different  severity  was  noted  in  some  of  the  other 
factors  studied  it  being  especially  marked  for  those  having  to  do  with 
the  carbon  dioxide.  The  organism  seems  to  yield  with  increasing 
rapidity  as  the  strain  impressed  upon  it  becomes  more  severe,  until 
a  certain  limit  is  reached  at  which  point  great  resistance  is  inter- 
posed by  the  organism  against  any  further  change.  If  the  strain 
is  increased  so  that  the  organism  is  pushed  beyond  this  point,  it  will 
recover  with  great  difliculty,  if  at  all,  unless  external  aid  is  given. 
This  same  type  of  physiological  limitation  was  noticed  by  Henderson 
and  Haggard  (12)  during  their  work  on  low  levels  of  carbon  dioxide 
and  alkali  reserve  induced  by  ether.  It  was  also  noticed  by  Britton 
in  his  studies  on  cooling.     In  order  to  lower  the  temperature  of  his 
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animals  below  what  might  be  called  the  critical  point  he  found  it 
necessary  to  subject  them  to  anesthesia  until  it  had  been  passed, 
after  which  the  anesthesia  was  no  longer  necessary  and  the  body  tem- 
perature continued  to  fall  so  long  as  the  animal  was  exposed  to  an 
environmental  temperature  lower  than  the  body  temperature. 

II.  The  effects  of  various  environmental  temperatures  upon  the 
oxygen  content  and  upon  the  amount  of  hemoglobin  in  the  blood. 
Considering  first  the  oxygen  capacity  (hemoglobin)  we  find  very 
little  variation  throughout  the  series.  In  fact,  all  of  the  mean  values 
are  within  the  limits  of  the  mean  standard  deviations  of  the  20° 
series  and  so  from  a  purely  statistical  standpoint  are  without  signifi- 
cance. The  direction  of  the  slight  variations  which  do  occur  fits 
so  nicely  with  other  circumstances,  however,  that  one  hesitates  to 
dismiss  them  without  further  discussion.     (Fig.  2.) 

The  changes  noted  at  20°  and  30°,  if  not  entirely  fortuitous,  may 
be  an  example  of  the  diurnal  changes  studied  for  man  and  the  goat 
by  Dreyer,  Bazett  and  Pierce  (14).  At  temperatures  of  40°  and 
above  there  is  a  slight  tendency  for  the  oxygen  capacity  to  increase, 
this  tendency  becoming  somewhat  more  marked  as  the  environ- 
mental temperature  rises.  This  increase  is  paralleled  by  an  increase 
in  the  total  solids,  and  we  have  related  it  simply  to  an  increase  in  the 
concentration  of  the  blood  due  to  the  excessive  evaporation  of  water, 
accompanied  by  an  inability  of  the  water  reservoirs  to  supply  water 
at  a  rate  sufficient  to  meet  the  demand  made  upon  them  at  these  high 
temperatures. 

The  fact  that  there  was  no  increase  in  the  oxygen  capacity  during 
the  first  two-hour  period  of  exposure  to  a  temperature  of  40°  would 
seem  to  bear  out  this  interpretation.  It  might  fairly  be  assumed  that 
at  this  temperature  the  loss  would  not  be  so  rapid  but  that  sufficient 
time  would  be  permitted  for  equilibration  and  that  there  had  not  yet 
occurred  so  great  a  loss  that  the  available  store  of  water  had  become 
seriously  depleted.  The  later  rise,  then,  was  probably  due  to  an 
actual  depletion  of  the  available  water  below  a  limit  where  the 
original  concentration  of  the  blood  could  be  maintained. 

At  45°  and  50°  it  may  be  presumed  that  while  the  actual  quantity 
of  water  which  has  been  lost  from  the  tissues  during  the  first  hour  of 
exposure  is  not  of  itself  serious,  the  rate  of  loss  of  water  from  the 
blood  is  so  rapid  that  the  organism  is  unable  to  maintain  the  original 
concentration  of  the  blood.  This  interpretation  is  further  supported 
by  the  rapid  return  of  the  oxygen  capacity  and  of  the  total  solids  to 
their  original  level  during  the  first  two  hours  after  the  animal  was 
removed  from  the  chamber. 
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A  very  slight  fall  is  noted  in  the  oxygen  capacity  of  the  animals 
exposed  to  30°.  A  comparison  of  this  fall  with  the  mean  standard 
deviation  of  the  20°  series,  however,  indicates  that  it  is  too  small  to 
be  of  significance  from  the  standpoint  of  statistics.  Some  biological 
considerations,  on  the  contrary,  seem  to  show  that  it  may  have  some 
importance;  but  this  evidence  is  not  sufficient  to  warrant  discussion 
at  the  present  time. 

There  is  a  fairly  marked  fall  in  the  oxj^gen  content  of  the  venous 
blood  of  animals  exposed  to  a  temperature  of  30°  as  compared  with 


Hours  \^\  WcaX  ChaAuber 
Fig.  2.  Curves  to  show  the  effects  of  various  environmental  temperatures  upon 
the  oxygen  capacity,  oxygen  content  and  the  percentage  of  oxygen  saturation  of 
the  venous  blood  of  dogs. 


that  of  animals  exposed  to  a  temperature  of  20°.  This  drop  we 
believe  to  be  a  reflection  of  the  manner  in.  which  the  animals  respond 
to  the  two  temperatures.  At  30°  and  the  humidities  at  which  we 
were  working,  there  seems  to  be  nearly  an  equilibrium  between  the 
heat  generated  in  the  basal  metabolism  and  the  heat  lost  to  the 
environment.  (Cf.  Voit  (15).)  The  animals  are  quick  to  take 
advantage  of  this  and  stretch  themselves  out  and  take  life  easily. 
Hyperpnea  has  not  j^et  become  necessarj^  to  keep  the  temperature 
of  the  body  down.  All  muscular  movements,  and  consequently  heat 
generation,  are  at  a  minimum.     The  net  result  is  a  considerably 
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reduced  aeration  of  the  ])Iood,  as  well  as  a  reduced  circulation  and 
consequently  a  reduced  oxyjien  content,  especially  of  the  venous 
blood. 

At  40°  there  is  a  considerable  increase  in  the  rate  of  respiration, 
and  correlated  with  this,  a  rather  marked  increase  in  the  ox3'gen 
content  of  the  blood.  The  rate  of  increase  in  the  oxj'gen  content  is 
slightly  greater  at  45°  and  50°,  respectively,  than  it  is  at  40°,  but  the 
increased  rates  are  not  nearly  so  great  as  might  be  expected  when 
one  compares  them  with  that  occurring  between  30°  and  40°.  There 
are  at  least  two  factors  concerned  in  this:  First,  while  th(^  rate  of 
respiration  continues  to  increase  as  the  environmental  temperature 
continues  to  rise  it  becomes  progressively  shallower  (fig.  3),  so  that 
while  the  efficiency  of  the  respiratory  apparatus  as  a  cooling  mechan- 
ism may  rise  because  of  the  increased  passage  of  air  over  the  mem- 
branes of  the  mouth  and  throat  and  a  consequent  increase  in  the 
vaporization  of  water,  its  efficienc}'  as  a  means  of  aerating  the  blood 
does  not  increase  in  anything  like  the  same  ratio,  if  at  all.  Second, 
with  the  increased  body  temperature  which  accompanies  exposure 
to  these  high  environmental  temperatures  the  rate  of  metabolism 
is  increased  and  this  would  of  course  be  reflected  in  a  decreased 
oxygen  content  of  the  venous  ]:)lood  provided  that  there  was  not  at 
the  same  time  a  considerable  increase  in  the  amount  of  oxygen  carried 
in  the  arterial  Ijlood,  which  from  the  evidence  just  discussed,  is 
probably  not  the  case.  The  curves  showing  the  percentage  of  satur- 
ation (fig.  2)  are  very  satisfactorily  explained  on  this  hypothesis. 

III.  The  effects  of  various  environmental  temperatures  upon  the 
carbon  dioxide  content  and  upon  the  alkali  reserve  of  the  blood.  There 
is  no  change  in  the  carbon  dioxide  capacity  of  the  blood  duiing  an 
exposure  of  six  hours  to  a  temperature  of  20°  or  of  30°,  as  is  shown 
in  figure  4,  where  it  will  be  seen  that  the  two  curves  ar(^  identical 
within  the  limits  of  the  mean  standard  deviation  and  that  both  are 
horizontal. 

When  the  environmental  temperature  is  raised  to  40°  there  is  a 
fairly  rapid  fall  during  the  first  four  hours  and  a  somewhat  slower 
fall  during  the  remaining  two  hours.  At  45°  and  50°  there  is  a  very 
rapid  depletion  of  the  alkali  reserve  as  shown  by  the  carl)on  dioxide 
capacity,  this  depletion  being  almost  identical  in  degree  for  the  two 
temperatures.  This  is  a  very  good  illustration  of  the  critical  point 
previously  mentioned  in  the  discussion  of  body  temperature.  We 
believe  that  the  changes  noted  result  directly  from  the  equilibration 
necessitated  by  the  washing  out  of  the  carbon  dioxide  which,  in  turn, 
is  caused  by  the  hyperpnea  due  to  the  high  temperatures— a  hyperp- 
nea  which  may  even  become  dyspnea  if  the  exposure  is  long  continued. 
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The  carbon  dioxide  content  (fig.  5)  gives  a  similar  picture,  except 
that  here  a  sHght  rise  is  noted  in  the  animals  exposed  to  an  environ- 
mental temperature  of  30°.  This  probably  results  from  the  same 
cause  as  the  corresponding  slight  depression  of  the  oxygen  content 


Fig.  3.  Pneumographic  tracings  to  sjiow  the  relative  rate  and  depth  of  respira- 
tion of  dogs  subjected  to  environmental  temperatures  of  20°  and  50°C. 


which  was  noted  for  the  same  condition,  i.e.,  a  small  decrease  in  the 
rate  of  metabolism,  which  would  be,  under  these  conditions,  at  its 
lowest  ebb  as  shown  bv  Rubner  and  others.     This  decreased  metab- 
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olism  would  result  in  a  slight  lowering  of  the  rates  of  respiration  and 
circulation. 

IV.  The    effects    of   various    environmental    temperatures    upon    the 
hydrogen-ion  content  of  the  plasma.     The  hydrogen-ion  concentration 


Hours  \t\  Heat  Cbawber 


Fig.  4.  Curves  to  show  the  effects  of  various  environmental  temperatures  upon 
the  alkali  reserve  of  the  blood  of  dogs  as  determined  by  the  carbon  dioxide 
capacity. 


Hours      ^  T>     H  e  o.\    CVio.n-i"b 


Fig.  5.  Curves  to  show  the  effects  of  various  environmental  temperatures  upon 
the  carbon  dioxide  content  of  the  venous  blood  of  dogs. 


expressed  as  pH  remains  constant  for  at  least  si.x  hours  when  the 
animals  are  exposed  to  temperatures  of  20°  or  30°  (table  4)  and  falls 
within  the  normal  acid-base  balance,  or  area  5  of  the  Van  Slyke 
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chart  (16).  At  40°  with  an  increased  rate  of  respiration  and  the 
resultant  fall  in  the  carbon  dioxide  content  and  the  alkali  reserve, 
we  find  that  the  blood  index  has  passed  from  area  5  to  area  6  of  the 
Van  Slyke  chart,  or  into  the  region  of  compensated  carbon  dioxide 
deficit.  The  alkaH  reserve  likewise  falls  thus  preventing  an  abnormal 
alkalinity.  As  the  strain  becomes  greater  with  environmental  tem- 
peratures of  45°  and  50°,  the  pH  increases  from  the  normal  of  7.55  to 
7.79  and  to  7.84  for  the  two  temperatures  respectively.  The  carbon 
dioxide  of  the  plasma  has  dropped  to  29.9  and  to  26.3  volumes  per 
cent  and  the  plasma  index  has  passed  into  area  2  or  3  of  the  Van  Sh'ke 
chart  or  into  the  region  of  uncompensated  carbon  dioxide  deficit  as 
the  result  of  an  excessive  loss  of  carbon  dioxide.     This  loss  of  carbon 


,  TABLE  4 

To  show  the  effect  of  various  environmental  temperatures  upon  the  concentration  of 
the  hydrogen  ion  and  carbon  dioxide  content  of  the  plasma 


TEMPERATURE 

BEFORE  EXPOS IRES 

AFTER  ONE  HOUR 
EXPOSURE 

AFTER  SIX  HOURS 
EXPOSURE 

OF  CHAMBER 

pH 

CO2  content 

pH 

CO2  content 

pH 

CO2  content 

"C. 

.  20 

7.57 

52.4 

7.57 

52.4 

7.57 

55.4 

40 

7.57 

52.4 

7.56 

46.6 

7.56 

39.5 

45 

7.57 

52.4 

7.79 

29.89 

50 

7.57 

52.4 

7.83 

26.3 

dioxide  was  induced  by  an  increase  of  the  respiratory  rate  which  was 
evidently  brought  about  by  some  stimulus  other  than  an  increased 
concentration  of  the  hydrogen-ion.  The  same  condition,  also  accom- 
panied by  hyperpnea,  has  been  observed  by  Bazett  and  Haldane  (17) 
in  man  when  immersed  in  warm  baths. 

Kahn  (18)  and  Barbour  (19)  are  of  the  opinion  that  the  mechanism 
causing  the  increased  rate  of  respiration  is  the  increased  temperature 
of  the  blood,  that  is,  it  is  the  direct  result  of  the  increased  body  temper- 
ature. It  is  known  that  cellular  activities  in  general  increase,  within 
limits,  with  the  temperature  and  there  is  no  apparent  reason  for  ex- 
cepting the  respiratory  center  from  this  category.  It  was  at  first 
thought  that  the  stimulus  might  be  due  to  a  local  accumulation  of 
hydrogen-ion  within  the  cells  of-  the  respiratory  center  itself,  which 
might  occm-  as  a  part  of  a  general  tissue  anoxemia  depending  upon  the 
increased  stability  of  the  oxyhemoglobin  at  low  carbon  dioxide  concen- 
trations. (Cf.  Bohr  (20).)  If  such  an  anoxemia  should  in  truth  exist 
one  would  expect  to  find  it  indicated  by  an  accmnulation  of  lactic  acid 
in  the  blood,  but  a  careful  search  has  failed  to  show  the  slightest  increase 
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of  this  acid  in  the  blood  of  animals  exposed  to  high  temperatures,  over 
the  amount  occm-ring  under  ordinary  conditions.  It  is  difficult  for  us 
to  imagine  a  significant  acidosis  occurring  in  the  tissues  without  its 
being  mirrored  in  the  blood  stream. 

Our  work  does  not  permit  us  to  accept  the  suggestion  of  Hill  and 
Flack  (21)  and  of  Mayer  (22)  that  fatal  termination  from  over-heating 
is  due  to  an  accimiulation  of  acid.  We  found  a  decreased  rather  than 
an  increased  hydrogen-ion  concentration  in  the  plasma  of  all  of  our 
animals  which  recovered  from  exposure  to  severe  conditions  and  in 
none  did  we  find  an}-  indication  of  increased  lactic  acid.  From  two 
animals,  Q  and  R,  which  died  shortly  after  removal  from  the  chamber 
after  ha\ang  been  exposed  to  rather  severe  conditions,  blood  was 
drawn  only  a  few  minutes  before  death.  The  mean  values  obtained 
were: 

Oxj'gen  content 5.9        Carbon  dioxide  content 30.5 

Oxj'gen  capacity 23. G        Carbon  dioxide  capacit}- ....  36.7 

Hj'drogen-ion  determinations  were  not  made,  but  from  the  Henderson 
nomogram  (23)  the  pH  may  be  presimied  to  have  been  about  7.4,  which 
would  not  indicate  acidosis.     (Compare  Henderson  (24).) 

Since  the  respiratory  efforts  gave  every  indication  of  the  passage  of 
at  least  a  normal  volume  of  au'  up  to  the  time  that  the  samples  were 
taken  we  have  interpreted  the  changes  which  occurred  as  indicating 
circulatory  rather  than  respiratory  failure,  this  having  been  induced  by 
the  overload  thrown  on  the  circulatory  mechanism  in  the  effort  to  keep 
the  body  temperature  down. 

V.  The  relation  between  the  concentration  of  the  sugar  in  the  blood  and 
the  tempei-ature  of  the  environment.  The  changes  in  the  concentration 
of  the  sugar  in  the  blood  (fig.  6)  are  rather  hard  to  explain  in  a  manner 
which  is  consistent  for  all  of  the  conditions  studied.  At  20°  there  is  a 
fairly  uniform  fall  throughout  the  six-hour  period  of  observation.  This 
is  in  entire  agreement  with  the  observation  of  Scott  and  Hastings  (25) 
and  can  hardty  be  related  to  the  ingestion  of  food  since  sufficient  time 
was  allowed  for  this  factor  to  become  constant  before  the  first  sample 
was  drawn.  The  only  explanation  which  occurs  to  us  is  that  the  animals 
were  becoming  progressively  quieter  as  the  experiments  proceeded  and 
consequently  were  mobilizing  less  and  less  sugar.  Whether  such  a 
decrease  in  the  rate  of  mobilization  of  sugar  is  the  direct  result  of 
lessened  excitement,  or  whether  it  is  due  to  the  operation  of  an  unknown 
factor  which  tends  to  equilibrate  the  concentration  of  sugar  in  the  blood 
with  the  metabolic  requirements  of  the  organism  for  sugar,  is  a  matter 
which  we  are  unable  to  discuss  at  present.  Aside  from  this  factor 
which  may  be  assimied,  for  the  time  being,  to  have  been  constant 
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throughout  the  research,  it  is  to  be  noted  that  when  the  corresponding 
periods  of  the  different  series  are  compared  a  rough  agreement  between 
the  concentration  of  the  sugar  in  the  blood  and  the  body  temperature 
is  noted.  The  45°  series  forms  an  exception  to  the  rule,  however,  for 
at  this  environmental  temperature  the  body  temperature  is  almost 
identical  with  that  which  occurs  when  the  animals  are  exposed  to  a  tem- 
perature of  50°;  while  the  concentration  of  sugar  occupies  a  position 
midway  between  that  found  at  40°  and  that  at  50°.  This  rise  in  the 
blood  sugar  is  then  not  exclusively  dependent  upon  the  body  tempera- 
tm-e  but  seems  also  to  be  associated  with  the  environmental  temperature 


UouTij  \-\i  V\edX  Chamber 

Fig.  6.  Curves  to  show  the  effects  of  various  environmental  temperatures  upon 
the  concentration  of  glucose  in  the  venous  blood  of  dogs. 


in  a  more  direct  manner.  It  is  apparently  not  dependent  upon  an}-- 
emotional  disturbances  resulting  from  the  exposm-e  to  the  higher  tem- 
peratures. We  hope  to  be  able  to  give  fm*ther  evidence  regarding  this 
phase  in  a  later  paper.  Lepine  (26)  attributes  the  hyperglycemia 
which  is  occasionally  present  in  fever  to  an  irritation  of  the  fourth 
ventricle  b}^  the  fever  toxins.  The  increase  in  the  concentration  of 
sugar  which  Freund  and  Marchand  (27)  report  in  fever  is  only  of  such 
a  degree  that  it  may  be  accounted  for  by  changes  in  the  concentration 
of  the  blood.  We  are  not,  however,  able  to  explain  our  results  in  this 
manner  since  we  found  the  increase  in  the  sugar  to  exceed  that  of  the 
total  solids;  in  one  case  there  was  an  increase  in  the  sugar  of  100  per  cent 
while  at  the  same  time  the  total  solids  increased  only  25  per  cent. 
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YI.  The  relation  between  the  total  solids  of  the  blood  and  the  environ- 
mental temperature.  The  total  solids  of  the  blood  tend  to  increase  as  the 
environmental  temperatm-e  rises  and  we  have  been  unable  to  observe 
the  dilution  mentioned  by  Barbom-  (28)  in  the  report  of  his  experiments 
with  hot  and  cold  baths.  Our  results  seem  to  be  more  in  line  with  the 
results  which  he  obtained  in  coli  fever  (29).  There  is  no  doubt  some 
mechanism  by  which  the  total  blood  volume  is  regulated,  and  our 
results  should  be  considered  as  indicating  some  interference  with  the 
activity  of  this  mechanism.  At  high  tempcratm-es  the  rate  of  replace- 
ment of  water  cannot  keep  pace  with  the  rate  of  its  loss  and  a  certain 
amount  of  concentration  results.  There  is,  however,  a  fairly  large 
factor  of  safet}'  for  it  is  not  until  the  concentration  of  the  blood  ap- 
proaches 25  per  cent  that  pathological  symptoms  occur  from  this  cause. 

SUMMARY 

1.  During  an  exposm-e  of  six  hours  to  an  environmental  temperature 
of  20°  or  of  30°  there  was  a  drop  in  body  temperature,  probably  due  to 
a  decrease  of  muscular  activity.  At  40°  there  was  an  increase  of  1 
degree  in  body  temperature  without  an  initial  drop.  At  45°  and 
50°  the  body  temperatm-e  rose  within  an  hour  to  such  a  height  that  it 
was  deemed  unsafe  to  continue  the  experiments  at  these  temperatures 
for  a  longer  time. 

2.  The  oxj^gen  capacitj'  of  the  blood  showed  no  change  during  an 
exposure  to  the  different  temperatures  that  cannot  be  accounted  for  by 
the  diurnal  changes  in  the  hemoglobin  or  b}'  the  concentration  of  the 
blood  due  to  the  excessive  evaporation  of  water. 

3.  The  oxj'gen  content  of  the  blood  remains  unchanged  at  20°,  but 
shows  a  drop  at  30°  which  is  probably  associated  with  the  low  rate  of 
metabolism  at  this  temperatm-e.  At  45°  and  50°  there  is  a  slight  in- 
crease in  the  oxygen  content  due  to  the  increased  aeration  of  the  blood 
at  these  temperatm-es,  but  this  increase  is  not  in  direct  proportion  to 
the  increased  passage  of  air  over  the  membranes  of  the  mouth  and 
throat. 

4.  At  temperatures  of  20°  and  30°  the  carbon  dioxide  capacit}-  of  the 
blood  remains  unchanged,  while  at  40°  there  is  a  sharp  fall  dm-ing  the 
first  four  hours  followed  by  a  slower  fall  during  the  next  two  hours. 
At  temperatm-es  of  45°  and  50°  there  is  a  rapid  depletion  of  the  carbon 
dioxide  capacity  from  the  beginning,  which  is  almost  identical  for  these 
two  temperatures. 

5.  The  carbon  dioxide  content  follows  the  capacity  except  that  at 
30°  there  is  a  slight  rise  for  the  same  reason  that  the  oxygen  content 
falls. 
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6.  The  hydrogen-ion  content  of  the  plasma  remains  unchanged  during 
an  exposure  of  the  animal  to  temperatures  of  20°,  30°  and  40°  for  six 
hom's,  but  decreases  at  temperatures  of  45°  and  50°  due  to  the  excessive 
pulmonary  ventilation  at  these  temperatm-es  with  the  consequent 
washing  out  of  the  carbon  dioxide  and  without  a  compensatory  loss  of 
alkali  from  the  blood. 

7.  The  concentration  of  blood  sugar  falls  during  an  exposure  to  tem- 
peratures of  20°  and  30°.  This  fall  is  probably  associated  with  inac- 
tivity of  the  animal  during  the  course  of  the  experiment.  At  40°  it 
falls  during  the  first  two  hours,  to  increase  during  the  following  four 
hours.  At  45°  no  change  was  noted  during  an  hour's  exposure  while 
at  50°  there  was  a  sharp  rise  during  this  time. 

8.  The  blood  solids  at  20°  and  30°  showed  only  the  usual  diurnal 
changes,  while  at  40°,  45°  and  50°  the  concentration  of  the  blood  in- 
creased with  the  environmental  temperature,  no  initial  drop  having 
been  observed. 
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The  original  pm-pose  in  investigating  the  blood  of  the  alligator  was  to 
follow  any  changes  occurring  in  the  blood  of  a  poikilothermic  animal, 
when  the  temperatm-e  of  the  environment  was  varied.  The  carbon 
dioxide  production  and  oxygen  utilization  in  poikilothermic  animals 
follow^  closely  changes  in  surrounding  temperatures,  although  there  is 
evidence  of  regulatory  control  of  metabolism  within  a  range  of  tem- 
perature of  from  15°  to  20°C.  (1).  Complex  changes  occm-  in  the  blood 
of  homoiothermic  animals  under  conditions  of  high  environmental 
temperatm-es,  many  of  which  are  directly  related  to  the  mechanism  of 
temperatm-e  control  (2).  Changes  occurring  in  the  blood  following  a 
change  of  environmental  temperature  ought  to  be  more  directh^  related 
to  the  enviromnental  conditions  in  poikilothermic  than  in  homoio- 
thermic animals. 

In  the  search  for  a  suitable  cold-blooded  animal,  the  American  alli- 
gator was  selected  because  it  offers  the  advantage  of  suitable  size  and 
the  consequent  possibility  of  supplying  sufficiently  large  quantities  of 
blood  without  serious  disturbances  due  to  hemorrhage. 

Methods  for  securing  the  blood  were  worked  out  and  preliminary 
analyses  of  the  gases  of  the  blood  were  made.  It  was  found  that  the 
carbon  dioxide  contents  were  markedly  lower  in  January  and  February, 
when  the  work  was  begun,  than  in  the  following  March.  In  some  cases 
there  was  a  difference  as  great  as  twenty  volumes  per  cent.  In  searching 
for  a  cause  of  these  variations  it  occurred  to  us  that  they  might  be  due 
to  an  annual  rhythm,  and  it  became  necessary  to  temporarily  dis- 
continue the  work  as  originally  planned  and  to  pm-sue  the  question  of 
these  seasonal  variations. 

The  importance  of  seasonal  changes  is  obvious  in  this  connection, 
for  it  would  be  impossible  to  interpret  the  reaction  of  the  animal  to 
experimental  conditions  if  it  is  at  the  same  time  responding  to  an 
unknown  and  uncontrolled  cycle  of  changes,  due  not  to  its  immediate 
environment,  but  to  its  individual  or  inherited  history. 
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Extensive  investigations  of  the  nitrogen  metabolism  of  birds  have 
been  carried  out  showing  that  m-ic  acid  is  the  end  product  of  protein 
metaboUsm.  Ammonia  and  lactic  acid  (3)  are  combined  to  form  uric 
acid  which  also  originates  from  amino  acids  (4),  urea  (5),  ammonia 
(6)  and  from  the  purin  bases  (7). 

Reptiles  are  generally  classed  with  birds  in  their  nitrogen  metabolism 
since  the  excrement  of  the  snake  has  been  found  to  consist  of  ammonium 
urate  (8).  Among  reptiles,  however,  there  is  a  greater  diversity  in 
structure  than  among  birds,  and  it  was  thought  that  investigation  of 
the  nitrogen  end  products  in  the  alligator  might  add  to  our  knowledge 
of  the  biochemistry  of  this  class  of  animals. 

Apparently  the  blood  sugar  of  the  alligator  had  never  been  deter- 
mined previous  to  this  investigation  and  it  was  felt  that  it  should  be 
included  with  the  other  factors  studied. 

Discussion  op  methods.  I.  Biological,  a.  General  care  of  animals: 
We  thought  it  advisable  to  maintain  our  animals  under  conditions  as 
nearly  uniform  as  was  practical.  A  wooden  zinc-linked  tank  was  built, 
having  dimensions  of  5  feet  X  2  feet  X  2  feet.  The  cover  was 
divided  into  three  sections,  the  middle  section  being  of  glass,  and  the 
two  end  sections  of  heavy  muslin,  for  ventilation.  Small  holes  were 
bored  through  the  upper  portion  of  the  tank  to  insure  more  complete 
ventilation.  The  temperatm-e  of  the  water  in  the  tank  was  controlled 
by  means  of  a  hot  water  heating  system,  an  electric  stove  being  used  as 
a  source  of  heat.  The  temperature  of  the  tank  was  maintained  at 
approximately  26.5°C.,  a  variation  of  1  or  2  degrees  occurring  during 
sudden  changes  of  weather.  The  water  was  changed  once  a  week,  and 
the  tank  cleaned.  The  water  was  heated  to  the  proper  temperature 
before  being  poured  into  the  tank.  The  animals  were  fed  twice  a  week 
during  the  spring  and  early  summer,  and  weekly  for  the  remainder  of  the 
period.  Raw  beef  cut  in  strips  was  used  exclusively.  Each  time  the 
animals  were  ased  for  experimental  purposes,  they  were  weighed  and 
measured. 

Seven  alligators  were  kept  in  the  tank  during  the  fifteen  months  of 
the  investigation,  from  January  1922  to  March  1923,  and  at  the  end 
of  the  period  they  were  to  all  appearances  as  healthy  as  at  the  beginning. 

b.  Method  of  drawing  blood.  Blood  was  drawn  from  the  heart  by 
means  of  a  hypodermic  needle  with  the  precautions  necessary  for  blood 
gas  analysis  according  to  the  method  described  by  Van  Slj'ke  (9). 
The  heart  beat  is  weak  and  difficult  to  detect  by  touch,  and  so  the  heart 
was  located  by  means  of  a  fluoroscopic  examination.  It  was  found  to 
be  well  down  in  the  middle  of  the  body,  between  the  ribs,  .and  unpro- 
tected by  the  sternmn.  Later  it  was  located  in  each  animal  by  lajang 
the  animal  on  its  back  and  examining  it  from  the  side,  when  a  slight  rise 
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and  fall  of  the  skin  could  be  noted.  This  is  essentiallj^  the  same  method 
as  was  used  by  Tiegel  (10)  in  locating  the  heart  of  the  snake.  The 
horm'  scales  of  the  epidermal  skeleton  are  arranged  in  the  ventral 
portion  of  the  trunk  in  a  very  regular  manner  and  it  is  possible  by  means 
of  the  transverse  rows  to  locate  the  heart  at  the  eleventh  and  twelfth 
row  from  the  broad  band  just  above  the  fore  limbs.  A  needle  two 
inches  in  length,  gauge  no.  20,  was  used.  Coagulation  was  prevented 
by  potassiirai  oxalate. 

Saturated  oxalate  solution  was  drawn  through  the  needle  just  before 
using,  and  the  needle  dried  by  drawing  air  through  it.  To  obtain  the 
blood  sample  the  needle  is  inserted  through  the  skin,  between  the 
scales,  for  venous  biood,  about  0.5  cm.  to  the  right  of  the  midline  of  the 
bod}'.  When  the  pm-pose  was  to  secure  arterial  blood,  the  needle 
was  inserted  0.5  cm.  to  the  left  of  the  midline.  In  all  cases,  in  searching 
for  the  heart  the  needle  was  directed  parallel  to  the  midline,  being- 
pushed  gently  through  the  tissue  below  the  skin,  very  slowly,  waiting 
for  the  detection  of  the  heart  beat.  When  the  beating  heart  is  felt  at 
the  end  of  the  needle,  a  ''diaphragmatic"  expiration  is  awaited.  The 
needle  is  then  made  to  follow  the  heart  downward.  The  needle  is  held 
in  the  final  position,  and  the  inspiration  that  follows  pushes  the  heart 
upon  the  needle.  B3'  this  technic  the  needle  is  inserted  in  the  heart 
to  approximately  the  same  depth.  Blood  samples  have  been  taken  at 
intervals  of  two  weeks  throughout  the  j-ear  without  the  loss  of  a  single 
animal.  i 

c.  Method  of  catheterization.  Samples  of  urine  were  obtained  by 
catheterizing  the  cloaca.  The  catheter  was  sterilized  with  5  per  cent 
carbolic  acid,  and  inserted  into  the  cloaca.  The  mine  was  collected  in 
a  small  graduated  cj^inder,  at  times  under  oil.  To  prevent  infection, 
the  cloaca  was  washed  out  with  20  cc.  of  a  saturated  solution  of  boric 
acid,  then  washed  with  20  cc.  of  sterihzed  distilled  water. 

In  the  alligator  the  rectmn  and  ureters  open  into  the  cloaca.  A 
sphincter  muscle  separates  the  rectmn  from  the  cloaca  so  that  the 
cloaca  acts  as  a  bladder.  The  urine  was  collected  many  times,  and 
was  always  found  to  be  a  limpid  fluid  and  never  contaminated  with 
fecal  matter. 

II.  Chemical  methods,  a.  Blood  gases.  Estimation  of  the  gases  of 
the  blood  was  carried  out  by  means  of  the  methods  described  by  \&n 
Slyke  and  Stadie  (11).  It  was  found  necessary  in  making  the  oxygen 
determinations  to  add  several  more  drops  of  ferricj^anide  than  directed 
by  Van  Slyke,  in  order  to  completely  Hberate  the  oxygen  of  the  blood; 
otherwise  the  method  was  followed  exactly  as  described.  The  oxygen 
capacity  of  the  blood  was  determined  and  the  amount  of  hemoglobin 
calculated  by  multiplying  by  the  factor  0.746.     By  a  method  for  deter- 
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mining  small  amounts  of  iron,  described  by  Brown  (13),  the  hemoglobin 
was  calculated  from  the  iron  and  compared  with  that  obtained  by  gas 
analysis,  as  a  means  of  control.  Instead  of  using  alveolar  air  for  the 
determination  of  the  carbon  dioxide  capacity  of  the  blood,  samples  of 
blood  were  exposed  to  a  determined  tension  of  40  mm.  of  mercmy  of 
carbon  dioxide.  Ten  minutes  in  a  slowly  rotating  Squibb  funnel  were 
allowed  for  equilibration. 

b.  Blood  sugar.  The  sugar  of  the  blood  was  determined  by  the 
MacLean  method  (14),  as  modified  by  Hastings  and  Hopping  (15). 

c.  Nitrogen  of  the  blood.  Total  nitrogen  of  the  blood  was  estimated 
by  the  Macro-Kjeldahl  method  (16).  Urea  was  determined  by  the 
method  described  by  Myers  (17)  and  ammonia  by  the  method  also 
described  by  Myers  (17),  except  that  3  cc.  of  blood  were  used  instead  of 
2.  In  both  cases  the  liberated  ammonia  was  collected  in  N/50  H2SO4, 
and  titrated  against  N/50  NaOH.  Urea  was  determined  also  bj--  Folin's 
method  on  the  tungstic  acid  filtrate  (18).  Uric  acid  was  determined  by 
Benedict's  new  method  (19),  and  in  a  few  cases,  by  the  Folin  method. 
Creatine,  creatinine  and  non-protein  nitrogen  were  determined  by 
Folin's  method  (18),  the  non-protein  nitrogen  also  by  a  Macro-Kjeldahl 
method,  titrating  with  N/50  alkali. 

d.  Urinary  nitrogen.  Total  nitrogen  of  the  urine  was  determined  by 
the  Macro-Kjeldahl  method  as  described  for  blood.  Urea  was  deter- 
mined by  the  method  of  Van  Slyke  and  CuUen  (20).  In  carrying  out 
the  urea  determination  it  was  necessary  to  make  the  urine  faintly  acid  to 
litmus  before  addition  of  urease.  Ammonia  was  determined  by  the 
Steele  modification  of  Folin's  method  (21).  The  ammonia  content  of 
the  urine  was  so  high  that  the  equivalent  of  0.2  cc.  of  urine  was  used  for 
estimation  of  ammonia.  Urease  was  used  in  tablets  made  by  Squibb, 
also  in  powder  form  as  made  by  the  Ai-lington  Chemical  Company. 
Uric  acid  was  determined  by  Benedict's  latest  method  (21). 

We  wish  to  express  here  our  appreciation  of  the  help  given  us  by 
Professor  Benedict  in  carrying  out  this  investigation. 

e.  Chlorides.  The  chlorides  in  the  blood  were  determined  by  the 
method  of  Austin  and  Van  Slyke  (23).  In  the  urine,  the  chlorides 
were  determined  by  the  method  of  Volhard-Harvey  (24). 

Discussion  of  results:  1.  Health  of  animals.  The  value  of  infor- 
mation gained  by  experiments  carried  out  over  a  period  of  more  than  a 
year,  upon  animals  kept  under  laboratory  conditions  and  subjected  to 
treatment  that  might  be  regarded  as  injm-ious,  must  depend  largely 
upon  evidence  that  the  animals  have  not  been  rendered  abnormal.  The 
usual  criteria  by  which  such  questions  are  decided  are  increase  in  weight 
and  continued  growth  of  the  animal.  IMeasurements  of  length  were 
made  over  a  period  of  six  months  and  these  showed  an  average  increase 
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in  length  of  6  cm.  for  the  period,  or  1  cm.  a  month  (table  1).  According 
to  measm-ements  collected  at  the  New  York  Zoological  Garden,  mider 
the  most  favorable  conditions,  this  animal  was  found  to  grow  about  a 
foot  a  year  (25).  Om-  figm-es  arc  only  40  per  cent  of  this  number  but, 
as  mentioned  above,  the  feeding  of  our  animals  was  cut  down  consider- 
ably and  was  less  than  that  as  described  at  the  Zoological  Garden. 
Records  of  weight  were  kept  and  figure  1  shows  that  for  each  animal 
there  was  a  gi-adual  and  steady  increase.  There  is  an  exception  to  this 
statement  in  the  earher  portion  of  the  curve,  in  the  case  of  animals  1 
and  2.  This  was  due  to  the  difficulty  experienced  in  finding  suitable 
food.  The  flattening  of  the  curve  which  is  noted  at  the  middle  of  the 
summer  was  due  to  the  reduction  in  the  amount  of  food  at  this  time 
which  was  mentioned  above.  This  reduction  was  necessary  since  the 
animals  were  becoming  so  large  that  the}'  threatened  to  outgrow  our 
facilities  for  handhng  them. 

TABLE  1 
Increase  in  length  from  June  to  December,  1922 


NUMBER  OF  ANIMAL 

INITIAL  LENGTH 

FINAL  LENGTH 

DIFFERENCE 

cm. 

cm. 

cm. 

1 

98.4 

108.0 

9.6 

2 

88.1 

93.5 

6.4 

3 

65.4 

72.4 

7.0 

4 

101.0 

105.0 

4.0 

5 

108.0 

115.0 

7.0 

6 

86.0 

90.0 

4.0 

7 

96.6 

103.0 

6.4 

Mean 

6.2 

Since  the  animals  gained  in  weight  and  increased  in  length  it  may  be 
presiuned  that  the}'  were  not  seriously  injured  b}-  the  experimental 
conditions  to  which  they  were  subjected. 

2.  General  character  of  the  blood.  The  blood  drawn  from  the  left 
side  of  the  heart  is  bright  red  and  that  from  the  right  side  dark,  purplish 
red  in  color.  The  general  appearance  of  the  blood  is  quite  similar  to 
that  of  the  dog  or  man.  The  mean  volume  percentage  of  corpuscles  is 
14.5.  Under  the  microscope  the  red  corpuscle  is  a  pale  yellow,  oval 
cell,  with  a  large  nucleus.  The  average  sizes  of  the  erythrocytes  are 
given  below. 

Length 24 .89-20 .  52m 

Width 12. 24-16. 32m 

Thickness  at  center 4  OS/x 
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The  corpuscles,  thus,  are  larger  than  human  corpuscles.  The  average 
number  of  red  corpuscles  in  the  seven  animals  studied  is  850,000  per 
cu.mm.  of  blood.  The  extreme  range  in  different  individuals  was 
616,000  to  1,500,000.  The  observations  from  which  these  averages 
are  obtained  are  given  in  table  2. 

A  leucocyte  count  was  made  on  alHgator  5  in  the  latter  part  of  March, 
1922,  and  was  found  to  be  8,000  per  cu.mm.  of  blood.  The  red  count 
at  that  time  was  760,000  per  cu.mm.  Toison's  solution  was  used  in 
making  these  blood  counts  since  the  leucocytes  are  stained  by  the 
methyl-violet  in  this  solution.  A  3^ear  later  a  blood  count  was  made 
on  the  same  animal  by  Miss  Morrison  of  the  Vanderbilt  Clinic.  The 
count  then  was  760,000  for  the  red  blood  cells,  but  446,000  for  the 

'  TABIE  2 

Corpuscular  volume  and  red  cell  count 


NDMBER  OF 

CORPUSCULAR  VOLUME 

RED  CELL  COUNT 

Date,  1922 

Volume,  per  cent 

Date,  1922 

Number  per  cu.  mm. 

1 

5-11 

17.8 

3-28 

680,000 

2 

4-11 

13.7 

3-21 

732.000 

2 

5-2 

13.1 

^11 

616,000 

4 

2-23 

16.0 

5 

2-23 

15.8 

3-23 

730,000 

5 

4^6 

14.0 

3-21(1923) 

760,000 

6 

3-2 

11.4 

3-13 

881,000 

6 

5-9 

11.4 

3-30 

800.000 

6 

4-18 

745,000 

7 

4-18 

16.1 

3-13 

1,480,000 

7 

5-9 

15.5 

4-4 

1,130,000 

7 

4r-25 

1,050,000 

leucocytes.  Leucocyte  counts  were  not  made  during  the  j'ear,  but  a 
great  increase  in  the  number  of  leucoc3'tes  was  observed  when  the  red 
cells  were  counted.  The  ratio  of  leucocytes  to  red  cells,  on  these  deter- 
minations, is  as  1  to  95,  at  the  first  observation,  and  about  1  to  2  on  the 
second.  In  man,  the  values  in  normal  blood  are  5,000  to  9,000  per 
cu.mm.  of  blood,  and  about  5,500,000  erythrocytes,  or  a  ratio  of 
1  to  600  or  1,100.  Anything  above  10,000  may  be  regarded  as  patho- 
logical, and  in  spleno-myelogenous  leukemia  the  leucocyte  count  may 
rise  to  500,000.  It  is  an  interesting  fact  that  the  annual  that  gave  this 
high  leucocyte  count  was  in  an  apparently  healthy  condition.  The 
study  of  this  remarkable  leucocytosis  is  being  continued, 

3.  Blood  gases.  The  oxygen  contents  and  capacities  of  the  blood 
and  the  carlwn  dioxide  contents  and  capacities  were  determined 
throughout  the  year  on  six  animals. 
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In  following  the  oxygen  content  of  the  blood  of  an  individual  animal 
through  a  series  of  observations  it  is  necessary  to  show  that  previous 
hemorrhage  has  presumably  not  modified  the  succeeding  determinations. 

Whipple  (26)  has  shown  that  the  hemoglobin  is  replaced  in  the  dog 
following  a  hemorrhage  of  50  per  cent  after  about  three  weeks.  No 
work  upon  the  blood  volume  of  the  alligator  has  been  reported  but 


TABLE  3 


DATE 

NUMBER  OF 
ANIMAL 

OXYGEN  CAPACITY  PER  100  CC.  BLOOD 

IRON  PER  100  CC. 

By  gas  analysis 

From  iron 

CC. 

CC. 

m<jm. 

17-10-22 

1 

13.2 

14.0 

34.2 

12-  9-22 

5 

13.0 

13.6 

34.1 

19-  9-22 

5 

11.2 

11.8 

29.7 

13-10  22 

6 

12.4 

12.2 

30.5 

3-10-22 

7 

10.1 

10.4 

26.1 

TABLE  4 

Seasonal  changes  in  the  gases  and  in  the  sugar  of  the  blood 


1922 

1923 

1 

C 

a 

1-5 

< 

u 

S3 

o 
a 

3 

1-3 

till 

3 
< 

o 

9 
1 

Q 
1 

> 
o 

J3 
u 

■  S 

Volume  per  cent: 

Oxygen  capacity.. .  . 

/     Mean 
■  •  \    St.  dev. 

13.7 
2.5 

10.6 
2.0 

9.5 
2.5 

9.9 
1.3 

11.8 
1.4 

12.2 
0.6 

15.3 
2.7 

Oxygen  contents. . . . 

f     Mean 
■  ■  ■[     St.  dev. 

11.0 
1.5 

5.5 
1.4 

1.8 
0.2 

3.5 
1.6 

4.3 
1.2 

5.7 

2.7 

10.9 
1.0 

Carbon  dioxide  capacity.. 

f     Mean 
•••\     St.  dev. 

49.9 
5.9 

67.8 
5.3 

53.2 
12.3 

48.3 
3.7 

47.3 
7.1 

45.9 
3.6 

54.3 
7.6 

Carbon  dioxide  contents.. 

[     Mean 
■■■\     St.  dev. 

38.6 
5.5 

60.6 
4.9 

48.6 
12.6 

44.4 
5.5 

40.7 
3.8 

42.6 
2.4 

49.4 
16.1 

Sugar  in  mgm.  per  100  cc 

. ,  ,      ,        Mean 
ofblood.>      ^,,     , 

[     St.  dev. 

97.0 
27.7 

95.2 
23.6 

92.8 
21.5 

83.0 
26.4 

65.7 
11.8 

29.6 
10.8 

58.0 
10.2 

Fry  (27)  has  shown  that  of  a  lizard  to  be  3  per  cent  and  of  the  frog  to 
be  4.6  per  cent  of  the  body  weight,  if  the  blood  volimie  of  the  alligator 
is  assuined  to  be  of  this  order,  we  have  at  no  time  drawn  more  than 
12  per  cent  of  the  total  blood  volume,  and  as  two  weeks  were  allowed 
for  recovery,  it  is  felt  that  hemorrhage  of  itself  was  not  a  disturbing 
factor. 
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To  check  the  accuracy  of  the  method  of  gas  analysis,  the  iron  of  the 
blood  was  estimated  by  the  method  of  Brown  (13).  The  oxj^gen 
capacity  of  the  blood  was  then  calculated  from  the  iron  and  com- 
pared with  that  obtained  by  gas  analysis.  These  figures  are  shown  in 
table  3,  and  a  satisfactory  agreement  is  apparent. 

4.  Seasonal  changes  of  blood  gases.  The  mean  values  for  the  gases  of 
the  entire  series,  grouped  in  bi-monthly  periods,  are  shown  in  table  4. 
A  survey  of  the  figures  for  oxygen  capacity  arranged  in  bi-monthly 
periods  (table  4),  shows  that  the  oxygen  capacity  reaches  a  maximum 
in  the  early  spring,  and  is  lowest  during  the  late  spring  and  summer 
months.  The  value  found  in  March  of  the  second  year  is  higher  than 
that  of  the  preceding  simimer,  and  is  slightly  higher  (by  about  5  vol- 
umes per  cent)  than  that  of  the  corresponding  period  of  the  preced- 
ing year.  This  increase  is  very  probably  due  to  the  stimulation  of 
the  formation  of  hemoglobin  due  to  repeated  hemorrhage  to  which 
the  animals  had  been  subjected,  and  which  is  known  to  occur  in  birds 
and  mammals  (28). 

The  oxygen  contents  for  the  period  of  January  and  February  have  a 
value  of  11.0  volumes  per  cent;  in  March  and  April  of  the  same  year  of 
5.5  per  cent;  and  for  May  and  June  of  1.8  per  cent,  which  is  the  lowest 
value  observed.  Thereafter  there  is  a  gradual  increase  until  the  value 
of  5.7  volumes  per  cent  is  attained  in  the  November  and  December 
period.  In  the  following  spring  the  values  are  again  high  giving  an 
average  of  10.9  per  cent  for  the  series. 

The  oxygen  unsaturation  of  the  blood  varies  from  20  per  cent  during 
the  January  and  February  period  through  58  per  cent  for  ]\Iarch  and 
April,  to  81  per  cent  in  May  and  June.  From  this  it  progressively 
decreased  to  46  per  cent  for  November  and  December.  Determinations 
were  not  obtained  during  January  and  February  of  the  second  year  but 
those  made  early  in  March  gave  a  value  of  29  per  cent. 

Any  interpretation  of  these  results  must  take  into  account  the  fact 
that  the  animals  were  kept  at  the  approximate  temperatm-e  of  26.5°C. 
No  observations  of  the  blood  gases  of  the  alligator  in  its  natural  habitat 
have  been  made  but  the  differences  we  find  during  the  yesir  are  such  as 
we  might  expect  to  find  if  the  animals  were  subjected  to  seasonal 
changes.  In  cold  weather,  the  metabolism  and  consequent  use  of 
oxygen  are  at  a  low  level  and  the  oxj^gen  unsatm-ation  of  venous  blood 
would  be  slight.  In  simimer  months  when  metabolism  is  more  rapid, 
we  would  expect  the  oxygen  vmsaturation  also  to  be  correspondingly 
greater,  since  the  oxygen  is  consimied  to  a  greater  extent. 

We  must  interpret  these  results  as  due  to  a  periodicity  acquired  by  the 
animal  in  its  former  habitat,  or  perhaps  to  some  natm-al,  internal 
rhythm  of  the  animal,  but  certainly  not  to  the  immediate  environment 
in  which  the  animals  lived  during  the  period  of  observation. 
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The  blood  of  different  animals  when  exposed  to  carbon  dioxide  at  a 
tension  of  40  mm.  of  mercmy  shows  a  varying  capacity  for  fixing  this 
gas.  The  carbon  dioxide  capacity  is  distinctly'  higher  in  the  earl}'  spring 
than  during  the  remainder  of  the  year.  This  is  illustrated  in  table  4, 
from  which  it  appears  that  the  carbon  dioxide  of  the  March  and  April 
period  is  well  above  that  of  the  other  periods.  The  fact  that  the  volume 
for  the  second  March  is  lower  than  the  corresponding  earlier  period  is 
possibly  due  to  a  partial  loss  of  the  periodicity  resulting  from  the  pro- 
longed period  in  which  the  animals  were  subjected  to  constant  tem- 
perature conditions. 

The  carbon  dioxide  contents  show  a  similar  behavior.  In  the  March 
and  April  period,  carbon  dioxide  content  is  greater  than  in  the  winter 
or  smnmer  months.  The  lowest  period  seems  to  be  in  the  fall  and  winter. 
In  the  second  spring  the  value  is  higher  than  during  the  preceding 
winter  and  summer,  but  is  not  as  high  during  the  first  spring.  Animals 
4,6  and  7  gave  high  values  while  the  other  three  animals  were  low.  The 
fact  that  some  of  the  animals  do  not  show  an  increase  at  this  time  of  the 
year,  while  some  do,  is  possibly  due  to  a  gradual  loss  of  the  periodicity 
due  to  constant  conditions. 

5.  Gaseous  nitrogen  of  the  blood.  The  gaseous  nitrogen  of  the  ])lood 
was  found  to  be  higher  than  in  any  animal  so  far  reported.  In  human 
blood,  the  average  value  for  the  nitrogen  is  1.36  volumes  per  cent  (29). 
In  the  horse,  Regnard  and  Schlosing  (30)  found  the  nitrogen  to  be  2.00 
volumes  per  cent.  On  ten  determinations  the  mean  value  for  the 
alligator  was  0.033  with  a  standard  deviation  of  0.0055,  on  1  cc.  of 
blood,  giving  a  value  of  3.3  volimies  per  cent. 

6.  Chlorides.  The  chloride  content  of  the  blood  of  the  alHgator  was 
found  to  be  525  mgm.  per  100  cc.  of  blood.  The  value  for  dog's  blood 
is  about  550  to  570  mgm.  per  100  cc;  for  ox  blood  about  450  mgm.,  and 
for  human  blood  650  mgm.  per  100  cc.  The  urine  appeared  to  be  wholly 
free  from  chlorides,  not  a  trace  being  found  at  an}'  time. 

7.  Relative  efficiencies  of  ei-ythrocytes  of  alligator  and  man.  It  was  of 
interest  to  compare  the  relative  efficiency  of  the  erythrocytes  of  the 
alligator  and  man  as  oxygen  carriers.  This  was  done  by  comparing 
the  actual  size  of  the  red  corpuscles  of  the  alligator  with  those  of 
man,  and  at  the  same  time,  comparing  each  with  respect  to  oxygen 
carrying  power.  From  this  it  may  be  possible  to  form  some  idea  of  the 
physiological  efficiencies  of  the  cells  of  the  two  types  of  animal. 

The  volume  of  each  erythrocyte  may  be  calculated  l)y  dividing  (lie 
corpuscular  volume  by  the  number  of  red  cells.  Thus  in  man,  the 
corpuscular  volume  may  be  taken  as  40  per  cent  (31)  and  the  num])er  of 
red  cells  per  cubic  millimeter  as  5,500,000  (31).  The  volume  occupied 
by  one  corpuscle  would  bo  0.4  cu.mm.  divided  In'  5,500,000  or  7.2  X 
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10-^  (32).  In  the  alligator  a  wide  range  in  the  number  of  red  cells 
was  found,  but  the  average  number  per  cu.mm.  is  850,000,  and  the 
average  corpuscular  voliune  per  cent  is  14.5.  The  volume  of  the 
individual  corpuscle,  therefore,  is  0.145  cu.mm.  divided  by  850,000  or 
16  X  10-^.     The  alligator  corpuscles  therefore  compare  in  volume  with 

16  X  10-8 
the  hmnan  corpuscles  as  _  „  ^,  ^^  „  ^^  ^s  2.2:  1. 
^  7.2  X  10~8 

The  oxygen  capacity  of  human  blood  is  about  19  cc.  per  100  cc.  of 
blood.  The  factor  for  converting  oxj^gen  capacity  into  hemoglobin  is 
0.746.  The  hemoglobin  content  of  human  blood  is  14  to  15  grams  per 
100  grams  of  blood.  The  oxygen  capacity  of  alhgator  blood  may  be 
taken  as  12  cc.  per  100,  and  the  hemoglobin  content  would  then  be 
about  9  grams  per  100  grams  of  blood.  If  a  proportional  amount  of 
hemoglobin  were  carried  by  the  two  kinds  of  erj^throcytes,  the  cor- 
puscular volume  would  also  be  proportional.  That  is  9:  14.5  as  X:  40. 
The  corpuscular  volume  of  the  alligator  under  these  circumstances 
would  be  about  25  volumes  per  cent.  The  corpuscular  volmne  was 
found,  however,  to  be  14.5  per  cent  and  thus  25/14.5  represents  the 
ratio  between  the  hemoglobin  carr3ang  powers  of  the  two  kinds  of 
corpuscles.  The  alligator  corpuscles  then  either  contain  relativelj'  more 
hemoglobin  than  hmnan  corpuscles,  or  in  some  way  the  hemoglobin  is 
more  efficient.  From  this  we  ma}'  conclude  that  one  alligator  corpuscle 
is  equal  in  volume  to  2.2  hmnan  corpuscles  and  in  its  efficiency  as  an 
oxygen  carrier  is  1.7  times  that  of  the  human  corpuscle.  So  it  would 
take  about  fom*  human  erythrocj'tes  to  equal  one  alligator  corpuscle 
as  an  oxygen  carrier. 

8.  Comparison  of  the  gases  of  arterial  and  venous  blood.  In  order  to 
compare  the  gaseous  content  of  arterial  and  venous  blood,  samples 
were  drawn  successive^  in  the  manner  described  above,  wath  the  mini- 
miun  possible  time  interval  between  samples,  since  it  was  obviously 
impractical  to  draw  the  two  samples  simultaneous^.  This  was  done, 
perhaps  unfortunately,  at  the  season  of  the  year  when  the  animals 
showed  the  maximum  variation  between  individuals.  However  the  re- 
sults are  interesting  and  are  included  as  the  fli'st  observations  of  the 
kind  upon  the  alligator. 

The  detailed  results  are  shown  in  tabic  5.  The  carbon  dioxide  con- 
tents, given  by  alligator  4,  which  alone  gave  the  average  value  for  this 
season  as  shown  in  table  4,  for  venous  blood  was  38.4  volmnes  per  cent, 
and  32.0  volimies  per  cent  for  arterial  blood,  a  difference  of  6.4. 
Similarly,  the  oxj-gen  content  of  venous  blood  was  11  volumes  per  cent 
and  for  arterial  blood  15.6  volimaes  per  cent,  and  the  difference  was  4.6. 

Similar  data  are  not  available  for  many  species  though  Buckmaster 
and  Gardner  (33)  publish  some  figm-es  for  the  cat,  and  Hastings  (34), 
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among  others,  for  the  dog,  while  there  are,  of  course,  many  observations 
upon  man  (35).  For  purposes  of  comparison  some  of  these  data  are 
included  in  table  6.  It  must  be  borne  in  mind  that  values  of  this  kind 
are  never  absolute  but  must  vary  with  the  nature  of  the  metabolism 
of  the  several  individuals  at  the  time  that  the  samples  were  taken. 

Peters,  Barr  and  Rule  (36)  quote  respiratory  quotients  in  hmnan 
blood,  of  1.62  to  0.34,  and  Harrop  (37)  reports  values  of  1.81  to  0.62. 

9.  Carbon  dioxide  absorption  curve.  Oxalated  blood  was  exposed  to 
atmospheres  containing  known  percentages  of  carbon  dioxide  and  air. 
Samples  were  removed  and  anatyzed  after  equilibrating  the  blood  with 

TABLE  5 
Arterial  and  venous  blood  of  the  alligator 


NUMBER 
OF 

DATE 

VENOUS 

ARTEKIAI, 

DIFFERENCE 

R.Q. 

ANIMAL 

CO2 

O2 

CO2 

O2 

CO2 

O2 

COs/Oj 

3 

4 
6 

7 

2-16-23 
2-16-23 
2-13-23 
2-15-23 

33.0 

38.4 
66.5 
48.3 

10.5 

11.0 

10.0 

4.1 

25.8 
32.0 
59.1 
41.1 

13.7 
15.6 
14.6 
10.1 

7.2 
G.4 
6.5 
7.2 

3.2 
4  6 
4.6 
6.0 

2.2 
1.4 
1.43 
1.2 

Mean ...    . 

6.8 

4.6 

1.47 

TABLE  6 
Gases  in  vohimes  per  cent  in  arterial  and  venous  blood  of  several  animals 


Human 

Dog 

Cat  (etherized) 
Alligator  4 


VENOUS 

ARTERI.\L 

DIFFERENCE 

CO2 

O2 

CO2 

O2 

CO2              O2 

48.0 

12.0 

40.0 

20.0 

8.0 

8.0 

40.5 

14.3 

38.3 

19.3 

2.2 

6.0 

40.8 

9.9 

25.07 

13.6 

15.77 

3.7 

38.4 

11.0 

32.0 

15.6 

6.4 

4.6 

R.Q. 


CO^'Oj 

1.00 
0.37 
4.2 
1.4 


the  gaseous  mixtures.  The  results  are  plotted  in  figure  2,  by  placing 
tensions  (calculated  from  percentages)  of  carbon  dioxide  in  millimeters  of 
mercurj^,  on  the  abscissae  and  volumes  per  cent  of  carbon  dioxide 
absorbed  by  the  blood,  on  the  ordinates.  Determinations  of  this  kind 
were  made  on  the  blood  of  each  of  tlu-ee  animals.  The  three  curves  fall 
at  different  heights  as  would  be  expected  from  the  differences  in  alkali 
reserve  akeady  noted.  They  are,  however,  approximately  parallel 
and  the  middle  curve  does  not  depart  greatly  from  that  for  human 
blood  published  by  Christiansen,  Douglas  and  Haldane  (38),  which  is 
drawn  from  the  mean  of  many  observations  and  which  is  represented 
by  plus  marks  (+)  in  the  figure.  From  this  one  might  conclude  that 
the  mechanism  of  carriage  of  carbon  dioxide  in  the  blood  of  the  alligator  is 
essentiallv  the  same  as  that  of  luiman  and  mammalian  blood,  in  general. 
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Fig.  1.  Weight  curve  for  alligator  1.  The  curves  for  the  other  individuals 
were  essentially  parallel  to  this.  Only  in  two  cases  did  the  curves  of  the  different 
individuals  cross. 


Fig.  2.  Carbon  dio.Kidc  dissociation  curve  for  the  blood  of  three  alligators 
(circles)  compared  with  that  for  human  blood  (crosses). 
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It  might  be  further  noted  that  the  variations  in  alkali  reserve  among 
the  individuals  at  this  season  are  no  greater  than  those  found  l)y 
Hastings  (34)  for  different  dogs. 

10.  Seasonal  changes  in  the  concentration  of  sugar  in  the  blood.  The 
concentration  of  the  sugar  in  the  blood  of  these  animals  was  determined 
thi'oughout  the  year.  The  mean  values  arranged  in  bi-monthly  periods 
are  shown  in  table  4.  Animal  3,  though  subjected  to  the  same 
general  conditions,  was  used  very  little  in  the  routine  work  of  the  study 
and  served  in  the  natm'e  of  a  control  on  the  disturbances  due  to  the 
experimental  procedure.  The  blood  sugar  in  this  animal  was  97  mgm. 
per  100  cc.  of  blood  in  the  January-February  period,  92  mgm.  in  the 
July-August  period,  and  59  mgm.  in  the  November-December  period. 
In  March  of  the  second  j-ear  the  value  was  92  mgm.,  about  the  same 
level  as  at  the  beginning  of  the  experiment.  The  reaction  of  this 
animal  was  of  the  same  natm-e  as  that  of  the  other  animals,  but  more 
marked,  as  will  be  seen  upon  comparison  of  the  figures  of  this  animal 
with  those  given  in  table  4. 

A  high  sugar  content  is  shown  by  all  of  the  animals  during  the  late 
winter  and  early  spring.  During  the  late  spring  a  distinct  drop  in  the 
sugar  is  noted,  which  continues  during  the  smnmer  and  autumn,  the 
lowest  values  being  obtained  for  the  November  and  December  period. 
At  this  time,  the  mean  for  all  the  animals  was  only  37.5  mgm.  per 
100  cc.  of  blood. 

Since  the  earlier  determinations  gave  an  average  of  about  the  same 
magnitude  as  is  common  in  the  mammals,  i.e.,  97  mgm.,  it  is  of  interest 
to  compare  the  low  value  with  the  "critical  value"  of  44  mgm.  described 
by  Banting,  Best,  Colhp,  Macleod  and  Noble  (39).  It  should  be 
noted  that  during  this  "low"  period  the  alligators  appeared  in  every 
way  normal  and  so  far  as  one  could  determine  by  appearance,  were  in 
the  same  physiological  conditions  as  when  the  blood  sugar  was  at  its 
highest.  The  work  reported  by  Riddle  and  Honeywell  (40)  for  the 
pigeons  indicates  that  the  blood  suga-r  of  at  least  some  forms  can  be 
reduced  to  a  very  low  level  indeed  (25  to  30  mgm.)  without  evoking  the 
disturbances  which  have  been  described  for  those  of  the  mammals 
which  have  been  studied.  Alligator  1,  on  November  21,  1922,  showed 
no  sugar  in  its  blood,  though  at  the  same  time  it  appeared  otherwise  to 
be  in  normal  condition,  and  on  March  7,  1923,  yielded  a  value  of  113 
mgm.  This  reminds  one  of  the  behavior  of  the  dogfish  where  the 
sugar  was  at  times  low  or  absent.     (See  Scott  (41)  and  Macleod  (42).) 

The  annual  cycle  in  the  above  discussed  data  is  of  much  interest  from 
the  standpoint  of  seasonal  changes  in  physiological  phenomena,  l)ut  any 
interpretation  can  only  be  conjectural  at  the  present  time. 
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The  work  of  Riddle  and  Honeywell  (43)  shows  a  periodicity  in  the 
accumulation  of  sugar  in  the  blood  of  the  pigeon  accompanying  the 
periodicity  of  ovulation.  The  period  of  ovulation  in  the  alhgator  occurs 
only  in  June,  and  only  animals  of  mature  age  (five  to  ten  years)  carry 
out  this  function  (44) .  All  of  our  animals  showed  this  seasonal  rhythm, 
even  the  smallest  which  was  hardly  two  years  old,  so  in  this  case  the 
periodicity  in  the  blood  sugar  is  evidently  not  related  to  ovulation. 

The  periodicity  may  be  related  to  the  storage  of  glycogen  shown  to 
occLu-  during  autumn  and  winter  in  the  marmot  by  Claude  Bernard  (45) 
and  in  the  frog  by  Moseik  (46),  since  we  found  the  sugar  to  be  low  at  the 
season  of  the  year  that  the  glycogen  in  these  animals  is  high. 

In  plants  an  accimiulation  of  reserve  substances  occurs  during  the 
fall  and  winter,  and  a  mobilization  of  these  in  a  diffusible  form  occurs 
in  the  late  winter  and  early  spring  (47),  and  in  this  respect  may  resemble 
a  poikilothermic  animal  that  passes  through  a  winter  period  of  lowered 
metabolism. 

In  all  cases  where  the  behavior  of  these  alligators  is  related  to  hiber- 
nation, it  is  necessary  to  remember  that  they  must  have  carried  their 
periodicity  over  from  their  former  habitat  which  was  northern  Florida, 
and  hence  our  late  winter  period  would  correspond  to  their  early 
spring. 

In  addition  to  any  such  conjectural  considerations  it  is  of  com-se 
necessary  to  add  the  possible  effects  of  the  temperatm-e  changes  in 
concentration  of  the  blood  sugar  which  may  be  presimied  to  be  the 
results  of  such  more  immediate  physiological  equilibration. 

11.  Discussion  of  seasonal  changes.  There  has  grown  up  a  very  con- 
siderable literature  on  seasonal  variations  of  physiological  functions  in 
various  animals.  In  this  literature  it  is  developed  that  there  are  very 
few  if  any  organs  or  physiological  systems  that  are  not  affected  by  this 
factor  in  one  or  another  of  the  animal  groups.  This  is  not  the  time  for  an 
extensive  reivew  of  the  literature  though  a  brief  review  of  some  of  the 
papers  on  variations  in  the  respiratory  system,  the  metabolism  of  the 
carbohydrates  and  the  persistence  of  the  seasonal  variations  after  the 
animals  have  been  removed  from  their  natural  and  variable  environ- 
ment to  the  more  or  less  perfectly  controlled  conditions  of  the  labora- 
tory may  not  be  out  of  place.  From  the  foregoing  discussion  it  will  be 
remembered  that  there  was  a  periodicity  in  the  concentration  of  the 
gases  and  the  sugar  of  the  blood  of  the  alligator,  which  must  be  related 
to  previous  effect  of  changes  in  the  seasons  of  the  3'ear,  and  not  to  the 
immediate  environment  of  the  animal. 

The  respiratory  exchange  in  the  lungs  of  the  frog  under  laboratory 
conditions  was  found  by  Athanasiu  (59)  to  varying  according  to  the 
season  of  the  year.  He  found  that  the  respiratory  quotient  was  greater 
in  the  winter  months  than  in  the  summer. 
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During  hibernation  of  the  woodchuck,  Rasmussen  (48)  found  a 
gradual  increase  in  the  amount  of  carbon  dioxide  in  venous  blood  fi-om 
about  70  volumes  per  cent  to  as  high  as  100  volumes  per  cent.  His 
results  supported  those  of  Dubois  (49).  When  the  animal  wakes  from 
its  winter  sleep  the  carbon  dioxide  falls  very  rapidly  to  its  lower  level. 

In  the  frog  there  is  a  seasonal  change  in  the  storage  of  gh^cogen  in  the 
liver  and  other  organs  of  the  bod}-.  IMozeik  (46)  has  shown  that  in 
summer  there  is  scarcety  a  trace  of  glj^cogen  in  the  liver,  but  in  the  late 
autumn  the  liver  is  extremely  rich  in  glycogen.  This  observation 
was  confirmed  by  Athanasiu  (50).  The  period  of  high  glycogen  content 
in  the  frog  corresponds  to  the  period  of  low  sugar  content  of  the  blood 
in  the  alligator. 

TABLE  7 
Nitrogen  distribution  in  the  urine 


NUMBER 

DATE 

SP.   GR. 

MGM.  PER  100  CX;. 

PER  CENT  TOTAI-  N 

ANIMAL 

N 

NHs 

Urea-N 

Uric 
acid-N 

NH3 

Urea 

Uric 
at  id 

2 

7-27 

1.005 

219 

171 

7.0 

39.0 

79.5 

3.3 

17.0 

2 

7-26 

1.0062 

249 

198 

3.3 

28.0 

80.0 

1.3^ 

11.0 

1 

S-4 

1.0063 

225 

148 

13.0 

24.2 

66.0 

5.8 

10.8 

5 

8-7 

1.0048 

268 

208 

16.0 

18.4 

77.0 

6.0 

7.0 

After  sterile  catheterization 


8-14 

1.0049 

208 

168 

0 

41.3 

81.0 

0 

11-8 

207 

140 

20.5 

67.0 

10  0 

11-9 

1.0053 

202 

154 

35.0 

77.0 

17.0 

19.8 


Claude  Bernard  (45)  showed  that  in  hibernating  animals  there  is  an 
increase  in  ghxogen  up  to  and  including  the  period  of  winter  sleep. 
The  glycogen  rapidly  disappears  when  the  animal  awakes. 

Phj^siological  processes  may  be  modified  by  a  diurnal  or  anmial  cycle 
independent!}^  of  the  experimental  conditions. 

12.  Distribution  of  the  non-protein  nitrogen  in  the  blood  and  urine. 
The  m-ine  was  collected  by  direct  catheterization  of  the  cloaca.  The 
evidence  that  the  urine  so  obtained  was  not  contaminated  by  the  feces 
and  was  in  fact  pure  urine  consists  of  the  fact  that  it  was  always  found 
to  be  a  clear,  limpid  fluid,  and  that  the  specific  gravity  was  found  to  be 
as  consistent  as  would  be  expected.     See  table  7. 

Analysis  of  the  nitrogenous  constituents  of  the  m-ine  always  showed  a 
high  percentage  of  ammonia,  in  all  cases  more  than  50  per  cent  of  the 
total  nitrogen  appeared  in  this  form,  and  occasionally  more  than  85 
per  cent. 
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Urea  was  usually  present,  in  amounts  varying  up  to  17  per  cent  of  the 
total  nitrogen,  but  was  occasional!}^  absent.  Extra  precautions  for 
sterile  catheterization  tended  to  increase  the  proportion  appearing  in  this 
form,  but  not  in  significant  amounts. 

Seven  to  20  per  cent  of  the  total  nitrogen  of  the  urine  appears  as  uric 
acid.  The  low  percentage  of  uric  acid  is  of  interest  in  view  of  the  com- 
mon statement  that  the  nitrogen  metabolism  of  the  reptiles  is  similar 
to  that  of  the  birds. 

Wollaston  in  1810  (51)  showed  that  uric  acid  occurs  in  large  amounts 
in  the  excrement  of  birds.  Since  this  time,  it  has  been  shown  by  the 
investigation  of  a  large  niunber  of  workers  that  uric  acid  in  birds  arises 
from  a,  lactic  acid  and  ammonia;  h,  from  amino  acids;  c,  from  the  purine 
bases,  and  d,  from  urea.  Hoppe-Seyler  showed  that  the  excrement  of 
certain  lizards  may  consist  almost  wholly  of  uric  acid  (52),  and  Salkowski 
(53)  mentioned  the  excrement  of  most  snakes  as  a  convenient  source  of 

TABLE  8 
Uric  acid  in  blood  and  urine 


BLOOD 

URINE 

NUMBER 
OF  ANIMAL 

Date 

Mgm.  uric  acid 
per  100  cc. 

Number 
of  animal 

Date 

Mgm.  uric  acid 
per  100  cc. 

1 

4-20 

1.67 

., 

7-25 

36.8 

1 

5-11 

2.25 

7-26 

37.6 

4 

5-4 

2.56 

8-2 

27.8 

5 

4-27 

1.83 

8-3 

23.6 

5 

5-18 

2.60 

8-4 

24  2 

6 

5-9 

1.79 

8-14 

41.3 

7 

5-16 

2.24 

10-24 

22.8 

obtaining  uric  acid  in  the  pure  form.  The  excrement  of  certain  Pythons 
was  shown  to  consist  of  ammonium  urate  (54).  Snakes  and  lizards 
appear,  therefore,  to  be  similar  to  the  birds  in  regard  to  the  main  end 
product  of  their  protein  metaboHsm.  That  this  is  not  true  of  all 
forms  of  reptiles  is  shown,  however,  by  the  work  of  Karr  and  Lewis 
(55),  who  found  large  quantities  of  urea  in  the  blood  of  the  tm-tle.  It  is 
not  true  of  the  lower  vertebrates,  for  nitrogen  is  largely  ehminated 
by  frogs  (56)  and  fish  (57)  as  urea.  The  facts  just  cited  have  given 
rise  to  the  generalization  that  animals  living  in  dry  habitats,  birds, 
snakes,  lizards,  excrete  nitrogen  as  uric  acid,  while  those  living  in  water, 
fish,  frogs  and  turtles,  excrete  it  as  urea  instead.  To  this  latter  list 
we  had  hoped  to  add  the  alligator,  but  all  we  can  say  at  the  present 
time  is,  that  it  does  not  excrete  large  amounts  of  m-ic  acid,  and  may 
possibly  take  an  intermediate  position  between  the  hzards  and  the 
turtles. 
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The  urine  was  neutral  or  faintly  alkaline  on  drawinj;-,  but  rapidly 
became  strongly  alkaline  on  standing,  and  a  crystalline  deposit  of 
calcium  carbonate  and  triple  j)hosphates  was  thrown  down.  When 
collected  under  oil  the  urine  showed  a  very  high  content  of  carbon 
dioxide,  as  much  as  250  cc.  per  100  cc.  of  ui'ine.  The  change  of  reaction 
on  standing  is  probably  due  in  part  to  loss  of  COo. 

We  have  found  nothing  in  the  literature  on  the  nitrogen  of  the  blood 
of  the  alligator,  although  Krukenberg  (58)  found  creatine  and  hypoxan- 
thin  in  the  muscle  extract  of  the  alligator.  We  had  hoped  that  analysis 
of  the  nitrogen  constituents  of  the  blood  would  throw  hght  on  the  origin 
of  the  large  quantities  of  ammonia  in  the  urine.  Contrary  to  our 
expectation,  no  urea  was  found  in  the  blood.  That  this  was  not  due  to 
faulty  teclmic  is  indicated  b}-  the  fact  that  known  amounts  of  m"ea 
added  to  the  blood  were  recovered,  and  that  the  accepted  values  were 
found  for  beef  blood.  Less  than  15  per  cent  of  the  non-protein  nitrogen 
of  the  blood  is  in  the  form  of  ammonia.     In  other  cases,  where  uric  acid 

TABLE  9 
Nitrogen  distribution  in  the  blood 


NUMBER 
OF  ANIM.^L 

DATE 

MGM.  PER  100  CC. 

PERCENT 
TOTAL  N 

Non-protein  N 

NH3 

Urea 

NHj 

2 

1 
7 
4 
6 

1-4 

1-5 

1-9 

1-10 

1-11 

•     15.0 
15.0 
19.  G 
18.0 
16.0 

2.1 
2.1 
2  1 
2.1 
2.1 

.      0.7 
0 
0 
0 
0 

14.0 

14.0 
10.7 
11.7 
13  0 

alone  was  determined,  the  quantity  of  uric  acid  was  found  to  average 
2.13  mgm.  per  100  cc.  of  blood,  which  represents  only  about  4  per  cent 
of  the  non-protein  nitrogen. 

Neither  creatine  nor  creatinine  were  foimd  in  either  blood  or  urine. 

The  total  nitrogen  of  the  blood  was  found  to  be  about  2000  mgm.  per 
100  cc.  of  blood. 

The  apparent  absence  of  m-ea  and  the  relatively  small  quantity  of 
ammonia  in  the  blood  may  indicate  that  there  is  some  unknown  pre- 
cursor of  the  urea  and  annnonia  which  is  found  in  the  urine.  The 
small  amount  of  uric  acid  present  in  the  ])lood  would  indicate  that  this 
precursor  is  probably  not  uric  acid. 

I  wish  to  express  my  great  appreciation  of  the  continual  assistance 
given  me  by  Professor  E.  L.  Scott  of  this  Department,  in  carrying  out 
this  investigation. 
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SUMMARY 


1.  The  erythrocytes  of  the  alHgator  average  850,000  per  cu.mm.  of 
blood.  They  are  about  14  fx  in  width  and  about  25  n  long,  and  are 
oval,  nucleated  cells. 

2.  The  average  corpuscular  volume  is  about  14  to  15  per  cent. 

3.  The  ox^'gen  capacity  of  the  blood  varies  according  to  the  season 
of  the  year  between  the  values  9.5  and  13.7  volumes  per  cent.  The 
oxygen  content  varies  from  1.8  to  11  volumes  per  cent.  The  oxygen 
unsaturation  of  the  venous  blood  is  shght  in  late  winter  (20  per  cent) 
and  is  very  great  in  the  smnmer  (80  per  cent). 

4.  The  iron  content  of  the  blood  is  about  30  mgm.  per  100  cc. 

5.  The  carbon  dioxide  capacity  and  content  of  blood  also  show  a 
seasonal  variation,  being  about  20  volmnes  per  cent  higher  in  early 
spring  than  during  the  smumer  and  winter. 

6.  The  carbon  dioxide  absorption  curve  of  alligator  blood  is  essentially 
the  same  as  that  of  hmnan  blood. 

7.  The  sugar  content  of  the  blood  shows  a  seasonal  variation,  being 
high  in  the  spring  and  very  low  during  late  fall  and  winter. 

8.  Uric  acid  is  present  in  only  small  quantities  in  the  blood  and  urine 
of  the  alligator. 

9.  The  main  nitrogen  constituent  of  the  urine  is  ammonia.  The 
precursor  in  the  blood  of  the  ammonia  in  the  urine  is  not  known. 
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THE  BEHAVIOR  OF  BLOOD-SUGAR  VALUES  IN 

HEREDITY 

DR.  OSCAR  RIDDLE  AND  DR.  HANNAH  ELIZABETH  HONEYWELL 

Carnegie  Station  for  Experimental  Evolution 

The  behavior  in  crosses  of  a  character  similar  to  or 
comparable  with  the  normal  sugar  level  of  the  blood  has 
hitherto  not  been  investigated.  Earlier  physiological 
work  indicates  that  this  is  a  character  which  is  normally 
maintained  at  a  given  level  throughout  the  whole  of  the 
life  cycle  so  far  as  this  has  been  studied ;  probably  it  is 
normally  essentially  constant  for  the  species  or  race;  in 
the  individual  it  is  much  modified  in  certain  diseases,  and 
it  shows  very  wide  temporary  fluctuations  under  a  vari- 
ety of  external  and  internal  conditions;  finally,  changes 
in  blood  sugar  concentration  are  necessarily  accom- 
panied by  other  changes  of  concentration  or  of  equilib- 
rium not  only  in  the  blood  itself  but  in  the  living  tissues 
which  must  in  turn  equilibrate  or  adjust  to  changes  in 
this  circulating  tissue.  If,  therefore,  from  a  cross  of  dif- 
ferent species  or  genera,  a  hybrid  with  a  definitely  new 
or  different  sugar  level  could  be  formed,  all  this  hybrid's 
characteristics  would  be  forced  to  undergo  practically  the 
whole  of  their  development  in  an  intimately  surrounding 
medium  different  from  that  of  its  parents.  Possibly  we 
should  thus  have  an  opportunity  to  observe  the  response 
of  the  parental  characters  to  this  change  (and  doubtless 
of  course  to  some  or  many  other  unknown  or  unstudied 
simultaneous  changes)  in  the  blood. 

Studies  on  the  inheritance  of  visible  characters  in 
crosses  of  widely  separated  forms — of  distinct  sp"ecies, 
genera  or  families — have  shown  in  some  cases  (Wliitman, 
15)  marked  irregularities ,  and  behavior  of  characters 
elsewhere  known  to  segregate  and  show  complete  domi- 
nance or  complete  recessiveness.     In  other  cases  simi- 
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larly  wide  crosses  of  other  biological  types  have  appar- 
ently failed  to  show  notable  departures  from  the  expected 
behavior  of  these  same  characters.  To  ns  it  seems  prob- 
able that  the  results  of  the  present  study  throw  some 
light  on  the  reason  for  the  aberrant  behavior  of  these 
visible  characters  in  some  generic  crosses  and  also  for 
the  normal  behavior  of  these  same  characters  in  other 
generic  crosses.  AVhether  justified  in  this  speculation  or 
not  we  are  now  able  to  establish  one  or  two  facts  concern- 
ing the  hereditary  behavior  of  blood  sugar  values  in  two 
pairs  of  generic  crosses. 

The  possibility  of  studying  the  behavior  of  blood  sugar 
values  in  inheritance  has  only  recently  become  apparent. 
This  possibility  has  arisen  in  part  through  the  fuller 
recognition  and  partial  elimination  of  several  factors 
which  cause  wide  temporary  fluctuations  in  the  sugar 
values  obtained  from  pigeons  (6,  9,  10,  11,  12) ;  and  more 
important  still  from  our  demonstration  (6,  9,  10)  that 
different  genera  and  families  of  pigeons — previously 
known  to  be  fertile  in  crosses — have  distinctly  different 
normal  levels  of  sugar  in  their  blood.  A  fortunate  aspect 
of  those  results  presents  itself  in  the  circumstance  that 
the  two  species  of  the  two  genera  which  previously  had 
been  most  extensively  used  in  genetic  and  sex  studies  by 
one  of  us  were  there  shown  to  have  almost  the  highest 
(T.  orientalis;  see  Table  II)  and  quite  the  lowest  {St. 
alba)  blood  sugar  values  obtained  from  the  several 
genera  examined.  And  from  this  cross  a  sufficient  num- 
ber of  Fi  hybrids  and  of  Fi  back-crossed  with  one  parent 
species  were  at  hand  for  a  partial  investigation  of  this 
problem.  From  still  another  generic  cross  the  two  par- 
ents and  37  of  their  offspring  supplied  material  for  a 
second  test. 

Materials  and  Methods 
After  other  studies  had  made  it  clear  that,  of  the  sev- 
eral species  of  pigeons  studied  by  us,  the  Japanese  turtle 
dove  {Turtur  orientalis)  has  almost  the  highest  concen- 
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tration  of  blood  sugar  and  the  ring  doves  {Streptopelia 
alba  and  St.  risoria)  have  the  lowest,  it  was  decided  to 
use  all  the  adult  hybrids  of  this  cross  then  in  our  collec- 
tion as  the  chief  material  of  the  present  study.  These 
hybrids  were  aged  17  to  183  months.  From  the  81  Fi 
hybrids  taken  for  study  we  obtained  duplicate  sugar  de- 
terminations on  38  individuals  which  proved  to  be  free 
of  observable  disease  at  autopsy.  All  the  birds  used  in 
the  study  were  killed  after  drawing  the  last  blood  sample 
to  discover  possible  disease  and  to  make  sure  that  no 
ovulations  were  imminent  in  the  females  (6,  9).  For 
hybrids  other  than  the  Fi  the  available  number  of  healthy 
individuals  was  considerably  less — only  7  were  ''five 
eighths"  Turtur  hybrids;  8  were  "one  fourth"  Turtur; 
8  were  either  "one  thirty  second"  or  "one  sixtj^  fourth" 
Turtur  and  these  are  combined  here  and  treated  as  one 
group.  A  study  of  a  group  of  "one  eighth"  Turtur 
hybrids  was  delayed  until  after  the  onset  of  cold  weather 
(October  19).  Before  this  work  could  be  carried  out 
other  studies  had  shown  (11)  that  the  blood  sugar  is  con- 
siderably affected  by  the  onset  of  cold  weather  in  the 
autumn  and  the  proposed  study  of  this  group  of  Turtur 
hybrids  was  therefore  abandoned.  The  10  Turtur  ori- 
entalis  and  the  10  Streptopelia  listed  in  Table  I  as  "par- 
ent species"  (all  aged  10  to  47  months)  are  in  most  cases 
not  the  actual  parents  of  any  hybrids  represented  in  the 
table ;  these  hybrids  arose  from  numerous  matings  of  in- 
dividuals of  these  genera,  and  in  most  cases  the  parents 
of  the  hybrids  were  not  alive  at  the  time  this  study  was 
begun.  The  sugar  determinations  for  the  Turtur  and 
Streptopelia  "parents"  and  for  the  several  groups  of 
their  hybrids  were  all  made  between  April  28  and  Octo- 
ber 15.  Except  for  a  very  few  individuals  this  period 
ended  on  August  17. 

A  second  group  of  Fi  generic  hybrids — a  large  single 
fraternity  from  a  cross  of  a  Spilopelia  male  ^\iih.  a 
Streptopelia  female — was  also  studied;  and  in  this  case 
the  sugar  values  of  the  actual  parents  and  of  the  frater- 
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nity  of  the  female  parent  were  determined.  Autopsy 
showed,  however,  that  only  20  of  the  37  Fi  individuals 
from  this  generic  cross  were  healthy ;  there  being  7  tuber- 
culous birds  and  10  others  infested  with  round  worms. 
Several  of  these  diseased  birds  gave  very  aberrant  sugar 
values.  The  male  Spilopelia  parent  was  an  imported 
(tropical)  bird  of  uncertain  age  but  certainly  more  than 
3  years  old  and  fully  fertile  in  this  generic  cross.  The 
female  parent  was  25  months  old.  Their  hybrid  offspring 
were  all  hatched  in  the  same  year  and  were  aged  6  to  16 
months  when  taken  for  this  study.  All  the  sugar  deter- 
minations for  all  members  of  this  group  of  birds  were 
made  between  June  17  and  August  17. 

All  the  blood  samples  (except  12  Streptopelia  and  12 
Turtur,  included  in  Figure  2,  from  samples  obtained 
from  the  upper  beak)  were  drawn  by  needle-puncture  of 
the  heart,  and  duplicate  samples  were  taken  usually  at 
intervals  of  one  da3\  The  heart-punctures  sometimes 
resulted  in  the  death  of  the  bird  at  the  drawing  of  the 
first  sample.  This  accounts  for  the  ''single  determina- 
tions" separately  listed  for  the  Fi  hybrids  in  Table  I. 
An  examination  of  the  distribution  of  deaths  from  nearly 
1,000  heart-punctures  indicates  that  death  more  fre- 
quently resulted  in  (a)  diseased  birds,  and  (b)  in  birds 
carrying  eggs  nearly  ready  to  lay  or  to  o^mlate.  The 
prevalence  of  disease  in  these  birds  and  the  questionable 
value  attaching  to  an  unchecked  determination  warrants 
our  exclusion  (or  separate  presentation)  of  the  values 
thus  obtained. 

Since  our  earlier  work  (G,  9)  has  shown  that  the  blood 
sugar  increases  in  the  female  at  the  ovulation  period,  and 
since  the  heart-puncture  was  found  occasionally  to  cause 
the  resorption  of  an  ovum  in  the  ovary  or  to  cause  it  to 
pass  into  the  body  cavity,  it  was  necessary  to  obtain 
samples  in  females  with  resting  ovaries  and  also  neces- 
sary to  autopsy  the  birds  within  one  to  three  days  of 
sampling  in  order  to  make  sure  that  the  ovaries  were 
really  resting.     And   since  diseased  birds   should   ob- 
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viously  be  excluded,  or  be  given  sexoarate  consideration 
as  is  done  here,  it  was  necessary  to  kill  the  males  also. 
It  is  of  course  only  disease  discoverable  to  us  at  autopsy 
that  has  been  excluded,  and  probably  a  very  few  birds 
otherwise  diseased  are  included  in  our  groups  of  appar- 
ently healthy  birds.  Only  non-ovulating  sugar  values 
enter  into  the  data  presented  here.  The  sugar  determi- 
nations were  made  by  the  Maclean  micro-method.  Fur- 
ther details  of  method,  including  precautions  taken  in 
the  handling  of  the  birds,  have  been  described  else- 
where (5,  9). 

Data 

Since  the  actual  amount  of  sugar  in  the  blood  is  sub- 
ject to  some  fluctuation,  notwithstanding  the  several 
precautions  taken  by  us,  and  because  of  the  small  but 
appreciable  error  in  the  method  of  determination  itself, 
and  finally  because  any  individual  maj^  have  been  signifi- 
cantly even  though  not  discoverably  diseased,  it  is  usually 
necessary  in  a  study  of  the  present  kind  to  attach  more 
significance  to  results  obtained  for  a  group  than  to  even 
well-checked  results  for  an  individual.  This  is  a  most 
serious  limitation  if  the  end  in  view  were  a  complete  and 
definite  account  of  the  behavior  of  a  character  in  inheri- 
tance. But  a  thorough  analysis  lies  wholly  outside  the 
scope  of  our  iiurpose,  since  besides  various  limitations 
of  method  and  material  no  Fo  generation  can  be  reared 
from  these  generic  hybrids,  and  we  must  deal  chiefly  with 
the  Pi  and  Fi  generations.  We  do,  however,  attempt  a 
small  amount  of  individual  treatment  of  the  data  ob- 
tained from  the  two  Fi  series  studied  by  us. 

Table  I  gives  the  details  of  results  obtained  from  the 
various  groups  concerned  in  the  cross  of  Turtur  "with 
Streptopelia.  It  will  be  noted  that  for  10  pure  Turtur 
orientalis  which  proved  healthy  at  autopsy  we  find  188 
mgms  sugar  per  100  cc  of  blood.  That  this  very  high 
sugar  value  is  not  in  excess  of  what  we  may  accept  as 
normal  for  this  species  is  further  indicated  by  the  fact 
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TABLE  I 

Summary  of   Blood  Sugar  Determinations   on   Two  Parent   Species 

Belonging  to  Different  Genera;  on  Their  Male  and  Female 

Fi  Reciprocal  Hybrids;  and  on  Hybrids  Back-crossed 

TO  One  Parent  Species 


Description  of  birds 


Sex 


No.  of 

birds 

in 
group 


Average  (or  mean) 


Body 

weight 


Milligrams 

sugar  per 

100  cc.  blood 


Parent 
species 

Turtur  orientalis                         o  "r  5 
Streptopelia  alba-risoria           3  +  5 

10 
10 

221 
171 

188 
149 

.All  duplicate  sugar  determinations 

Hybr.    ( $  Turtur  X  9  Strep.)      $        17         199 

$        13         194 

Hybr.    ( $  Strep.  X  9  Turtur)      $        16         203 

?        19         184 
Mean  of  4  groups                        195 

174 
169 
166 
158 
167 

All  single  sugar 

determinations 

One  half  l^^'^"""    ^  ^  "^"^^^''^  X  ^  Strep.)      $ 


T.   orien- 
talis  (F,) 


Hybr.     (  $  Strep.  X  $  Turtur) 
Mean  of  4  groups 


4  191 
2  188 
4  202 
6  187 
19£ 


150 
155 
155 
163 
156 


Healthy  birds  only  and  duplicate  sugar  determinations 
Hybr.    (  $  Turtur  X  ?  Strep.) 
Hybr.    (  $  Strep.  X  9  Turtur) 
Mean  of  4  groups 


12 
9 
9 

8 


194 
197 
204 
191 
196 


174 
169 
165 
160 
167 


170 
166 

168 


inn 
i:  1 

164 
151 

158 


'Five  eighths  Turtur  orientaliss  $  1         199 

(  9   1/8  Turtur  back-crossed  with  $  Turtur)      $  6         203 

One  fourth  Turtur  orientaliss  $  4 

(Fj  back-crossed  to   9   Strep.)  9         4 

Mean  of  2  groups 

One  thirty  second  or  one  sixty  fourth  ^         - 

Turtur3   (back  crosses  to   $    and    $    Strep.)      9  ^ 

Mean*  of  2  groups 

3  Healthy  birds  only. 

4  The  "mean"  signifies  tlie  unweighted  average  of  tlie  two    (or  four) 
average  values. 


171 

164 

155 

151 

mfi 

157 
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that  12  additional  birds  thought  to  be  healthy,  but  too 
valuable  to  kill  (used  in  Figure  2),  gave  a  value  of  190. 
And  the  seven  additional  diseased  birds  examined  gave 
an  average  of  198  mgms;  two  of  this  group  gave  ex- 
tremely low  and  four  gave  very  high  values.  It  has  been 
shown  by  still  other  work  that  the  ring  doves  {Strepto- 
pelia)  are  properly  measured  by  the  149  mgms  obtained 
from  the  10  healthy  individuals  listed  in  Table  I.  This 
value  is  sufficiently  confirmed  by  figures  obtained  for  the 
two  following  groups :  First,  the  12  apparently  healthy 
birds  (too  valuable  to  kill)  added  to  the  10  known  healthy 
birds  in  Figure  2 ;  these  gave  an  average  of  150.6.  Sec- 
ond, three  small  fraternities  (parent  and  grand-parents) 
shown  in  Figure  3  gave  a  lilve  result ;  only  Streptopelia  is 
represented  there.  The  fraternity  of  the  male  grand- 
parent (St.  risoria)  gave  a  value  of  152,  the  female 
grand-parent  [St.  alba-risoria-douraca),  148,  and  the 
parent  fraternity,  147.  These  14  Streptopelia  again 
average  149  mgms  sugar  per  100  cc  of  blood.  In  a  cross 
of  these  species  of  Turtur  and  Streptopelia  it  is  evident 
that  we  are  making  a  cross  of  sugar  values  which  rather 
closely  correspond  to  188  and  149  respectively. 

Three  readily  understood  divisions  of  the  data  ob- 
tained for  the  Fi  hj^brids  are  given  in  Table  I.  In  each 
division  four  groups  represent  the  necessary  separations 
for  the  sexes  and  for  reciprocal  crosses.  The  third  or 
last  of  these  principal  divisions  should  supply  the  most 
reliable  results.  It  will-  be  noted,  however,  that  the  larger 
numbers  of  (duplicate)  determinations  of  the  first  divi- 
sion gives  a  result  practically  identical  ^^dth  that  shown 
in  the  third  division,  although  the  first  division  includes  a 
number  of  diseased  birds.  But  the  second  group — in- 
cluding smaller  numbers,  unchecked  determinations  and 
a  high  proportion  of  diseased  birds — gives  values  for 
both  blood  sugar  and  for  body  size  which  do  not  check 
well  mth  the  more  complete  and  more  reliable  data.  It 
is,  nevertheless,  notable  that  all  of  the  four  groups  of 
this  defective  division,  as  well  as  of  the  eight  groups  of 
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the  two  other  divisions,  shoiv  a  sugar  value  for  the 
hybrids  ichich  is  intermediate  to  those  of  the  two  parent 
species  ichich  entered  the  cross.  The  mean  vahie  (167 
mgms)  obtained  for  the  third  (and  first)  division  is  an 
almost  exact  intermediate  of  the  values  found  for  the  two 
parent  species — being  21  points  less  than  Turtur  and  18 
points  greater  than  Streptopelia. 

In  a  series  of  ''five  eighths"  Turtur  hybrids  seven 
birds  gave  an  average^  value  of  172  mgms.  Thus,  this 
group,  which  stands  nearer  pure  Turtur  in  composition 
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Figure  1 

The  rectangular  blocks  indicate  the  'amounts  by  which  the  blood  sugar 
values  of  T.  orientaUs  and  its  various  hybrids  (five  eighths;  one  half;  one 
fourth;  one  thirty  second)  from  crosses  with  the  ring  dove  (Streptopelia) 
exceed  the  sugar  value  of  the  ring  dove  parent  (the  base  line). 

The  uppermost  line  records  the  mean  body-weight  of  the  identical  birds 
of  the  group  whose  mean  blood  sugar  value  is  expressed  in  the  rectangle 
below.  The  very  similar  and  repeated  ' '  fractionations ' '  of  the  body-weight 
and  the  blood  sugar  in  the  hybrids  suggest  that  the  same  method  of  in- 
heritance probably  holds  for  both  weight  and  sugar  values. 

1  The  average  is  probably  better  used  here  than  the  mean,  particularly 
since  there  is  only  one  male,  and  since  here  only  is  the  male  indicated  to 
have  a  lower  sugar  value  than  the  female.  In  the  case  of  all  other  hybrid 
groups  the  mean  was  used  in  the  construction  of  Figure  1. 
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than  do  the  Fi  hybrids,  also  more  nearly  approaches  the 
sugar  level  of  Turhir  than  do  the  latter  hybrids. 

The  eight  "one  fourth"  Turtur  hybrids — arising  from 
three  different  matings  of  Fi  hybrids  (Fi  reciprocals 
both  represented)  back-crossed  with  Streptopelia  fe- 
males— again  give  a  value  (158  mgms)  intermediate  to 
that  of  their  parents  (Fi  and  Streptopelia).  The  last 
class  of  these  Turtur  X  Streptopelia  hybrids — including 
eight  birds  which  were  only  "one  thirty  second"  or  "one 
sixty  fourth"  Turtur — gave  a  mean  sugar  value  of  157 
mgms  (average,  154)  which  is  again  an  intermediate  be- 
tween the  "one  fourth"  Turtur  hybrid  and  the  pure 
Streptopelia. 

The  above  results  are  diagrammatically  represented  in 
Figure  1.  The  base  line  there  represents  the  blood  sugar 
level  of  the  Streptopelia  parents;  and  the  shaded  areas 
indicate  the  amount  which  this  is  surpassed,  first  by  pure 
Turtur  and  later  by  the  various  Iwbrids  of  Turtur  and 
Streptopelia  in  the  order  of  their  fractional  or  compo- 
sitional relationship  to  Turtur.  This  diagram  clearly 
indicates  that  the  blood  sugar  value  of  the  hybrids  was 
"fractionated"  or  divided  in  the  three  (or  four)  gradu- 
ated dilutions,  or  divisions,  of  the  amount  of  Turtur  rep- 
resented in  the  offspring.  If  the  reader  wishes  to  visual- 
ize the  total  absolute  sugar  values  of  all  groups,  instead 
of  their  differences,  he  can  do  so  by  imagining  the  base 
line  (149)  carried  downward  at  all  points  to  zero. 

A  curve  for  the  "body  weight"  of  the  several  groups 
of  birds  which  supply  the  blood  sugar  data  is  added  to 
the  uppermost  section  of  the  figure.  This  has  been  done 
to  facilitate  a  comparison  of  the  behavior  of  size  and 
blood  sugar  in  inheritance.  The  marginal  figures  which 
indicate  "milligrams  of  blood  sugar  per  100  cc  of  blood" 
may  be  converted  into  "grams  body  weight"  for  the 
reading  of  this  curve.  In  Order  to  indicate  the  base  of 
this  curve,  i.e.,  the  normal  ring  dove  weight,  we  have  not 
used  the  figure  given  in  Table  I  for  the  10  ring  doves 
used  there,  but  the  value  (161  grams)  indicated  by  a  much 
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larger  previous  series  covering  the  season  at  which  the 
majority-  of  the  hybrids  of  this  study  were  weighed  and 
killed. 

Since  one  would  like  to  know  something  of  the  indi- 
vidual sugar  values  and  the  range  of  variation  which 
gave  the  mean  intermediate  value  (167  mgms)  for  the  Fi 
hybrids  of  this  cross,  we  have  supplied  these  data  in  the 
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Figure  2 
Polygons  showing  distribution  of  blood  sugar  values  obtained  from   65 
Fi  Turtur  X  Streptopelia  hybrids,  and  from  22  individuals  of  each  of  the 
two  parent  species   (Turtur  orientalis  and  Streptopelia  alba). 

form  of  a  polygon  in  Figure  2.  This  figure  makes  it  clear 
that  the  mode  of  this  polygon  corresponds  with  the  mean 
value  (167  mgms;  average,  166)  and  that  our  mean  and 
average  values  are  not  derived  from  the  combination  of 
numbers  obtained  from  a  bimodal  curve.  In  other  words, 
the  values  obtained  are  distributed  as  are  the  values  from 
characters  which  in  Fi  show  ''intermediate"  behavior  in 
heredity.  In  order  to  have  larger  numbers  of  Fi  for  this 
polygon,  all  the  birds— including  some  unhealthy  ones— 
of  the  first  division  of  Table  I  are  here  utilized.  And 
in  order  to  have  larger  numbers  for  the  construction  of 
similar  polygons  for  the  two  parent  species  we  have  here 
added  to  the  10  healthy  individuals  listed  in  Table  I,  an- 
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other  12  individuals  of  each  of  these  species  which  were 
all  apparently  healthy  but  too  valuable  to  kill  and  verify 
this  point.  The  polygon  of  each  parent  species  there- 
fore includes  22  individuals.  The  average  blood  sugar 
of  the  22  Streptopelia  represented  is  151;  of  the  22 
Turtur,  190.  It  is  then  also  clear  that  these  polygons  for 
the  parent  species  show  a  distribution  about  a  single 
mode,  and  that  this  modal  point  includes  the  average 
blood  sugar  value  found  in  the  group  as  a  whole. 

The  results  obtained  from  a  second  generic  cross — a 
male  Spilopelia  suratensis  mated  to  a  female  Strepto- 
pelia hybrid — are  diagrammatically  represented  in  Fig- 
ure 3.  The  blood  sugar  level  of  the  Spilopelia  suratensis 
is  known  only  from  the  data  obtained  for  the  parent 
(  $  P870)  used  in  this  cross;  but  the  value  (170  mgms) 
obtained  for  this  individual  is  the  result  of  three  well- 
checked  determinations.  One  individual  of  another  spe- 
cies of  this  genus — Spilopelia  chinensis — gave  173  mgms 
sugar.  The  sugar  value  obtained  for  the  female  parent 
of  the  hybrids  of  the  cross  now  being  discussed  requires 
special  consideration. 


GRAND-PARENT 
FRATERNITIES 


GRAND-PARENTS 


[60)      (PARENTS) 


Figure  3 
Family  history,  in  terms  of  blood  sugar  values,  of  20  (9  ^  and  11  9  ) 
healthy  generic  F,  hybrids  and  of  their  male  (SP.  170)  and  female  parents 
(ST.  IGO).  These  hybrids  show  an  average  and  a  mean  sugar  value  inter- 
mediate to  the  values  of  their  parents  and  of  the  genera  to  which  their 
parents  belong. 


The  blood  sugar  value  given  in  Figure  3  for  the  female 
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parent  (P995)  is  160  mgms.  This  is  of  course  the  value 
obtained;  but  the  autopsy  revealed  that  this  was  not  a 
true  non-ovulation  value — an  unsuspected  ovulation  into 
the  body  cavity  having  occurred  about  two  days  before 
the  blood  samples  were  drawn.  Other  work  has  shown 
(6,  9)  that  the  sugar  value  increases  at  ovulation  and  that 
about  108  hours  must  then  elapse  before  the  blood  sugar 
again  returns  to  normal.  Under  these  conditions  the 
sugar  value  obtained  was  almost  certainly  too  high.  But 
we  have  the  following  evidence  concerning  the  sugar 
value  which  she  would  be  expected  to  transmit  to  her  off- 
spring: Sugar  determinations  made  on  four  individuals 
of  her  own  fraternity  gave  an  average  of  147  mgms ;  her 
mother  gave  a  value  of  160,  but  this  also  was  probably  ab- 
normally high  since  five  determinations  on  individuals 
of  her  own  family  (fraternity  and  parent)  gave  a  value 
of  148  mgms;  again,  five  members  of  her  father's  family 
gave  a  value  of  152  mgms.  The  average  for  the  14  birds 
of  her  own  fraternity  and  ancestry  was  therefore  only 
149  mgms  sugar.  This  is  exactly  the  value  obtained  by 
us  for  ring  doves  in  general  and  is  the  probable  value 
which  female  P995  would  transmit  to  her  offspring. 

From  the  preceding  data  and  discussion  it  may  be  con- 
cluded that  in  this  second  generic  cross  a  sugar  value  of 
about  149  was  crossed  with  another  of  approximately 
170.  The  two  groups  of  hybrids  obtained — male  and 
female — are  both  shown  in  Figure  3  to  have  had  blood 
sugar  values  intermediate  to  those  borne  by  their  two 
parents.  Apparently  these  values  in  the  offspring  are 
nearer  to  that  of  the  Spilopelia  parent ;  they  would  be  ex- 
actly intermediate  if  the  true  blood  sugar  value  of  Spilo- 
pelia should  prove  to  be  about  178.  ^^^litman  (16)  has 
shown  that  Spilopelia  has  a  closer  phylogenetic  relation- 
ship to  Turtur  than  to  Streptopelia  and  this  would  lead 
to  an  expectation  of  a  higher  value  than  170  in  Spilopelia 
rather  than  of  a  lower  value.  And  we  have  already  noted 
that  a  single  individual  of  Spil  chinensis  gave  a  value  of 
173.    Unquestionably  both  groups  (males  and  females) 
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Polygon  showing  distribution  of  blood  sugar  values  obtained  from  20 
healthy  Fj  Spilopelia  X  Streptopelia  hybrids. 


of  these  hybrids  have  values  distinctly  above  the  known 
sugar  values  of  Streptopelia ;  and  they  have  a  smaller 
value  than  that  found  for  their  Spilopelia  parent. 

It  is  of  interest  to  note  that  the  Fi  hybrids  described 
above  have  a  lower  sugar  level  than  have  the  hybrids 
from  the  comparable  5  Turtur  X  ?  Streptopelia  cross 
shown  in  Table  I — the  males  there  giving  174  against  163 
here ;  the  females  169  there  against  164  here.  The  Turtur 
parents  of  the  earlier  cross  had  a  sugar  value  of  188, 
while  the  Spilopelia.  parent  of  the  present  cross  appar- 
ently had  a  sugar  value  of  only  170.  Figure  4  supplies 
the  evidence  that  the  average  values  obtained  here  do 
not  result  from  a  combination  of  values  from  a  bimodal 
curve.  The  polygon  of  distribution  of  the  Fi  hybrids  is 
again  such  as  to  indicate  that  the  character  crossed  be- 
haves as  do  intermediate  or  blending  characters. 

We  have  elsewhere  (10)  given  full  consideration  to  the 
question  whether  there  is  a  sex  difference  in  the  blood 
sugar  level  in  males  and  females  of  pure  species.  On  the 
question  of  such  a  sex  difference  in  hybrids  we  possess 
only  the  data  presented  above.  The  sex  differences  found 
in  hj'brids  from  the  Turtur  X  Streptopelia  cross  are  per- 
haps sufficient,  if  they  stood  alone,  to  suggest  a  higher 
value  in  the  male  hybrids.  But  the  data  for  the  Spilo- 
pelia X  Streptopelia  hybrids  do  not  support  this  view 
and  the  point  must  be  regarded  as  quite  uncertain.  Do 
the  reciprocal  hybrids  have  equivalent  sugar  values  ?    On 
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this  matter  also  our  data  are  all  given  here  and  the  re- 
sults from  the  single  group  thus  tested  {TurhirXStrep- 
topeMa)  seem  to  indicate  a  higher  sugar  value  in  the  hy- 
brids when  Tiirtur  is  used  as  the  male  parent.  It  is  pos- 
sible, hoAvever,  that  if  duplicate  determinations  had  been 
obtained  from  the  16  birds  with  unchecked  determina- 
tions (second  division  of  Table  I)  their  checked  values 
would  have  been  quite  close  to  those  tentatively  tabulated 
for  them,  and  that  significant  differences  for  both  recip- 
rocal crosses  and  for  sex  in  hybrids  would  thus  l3e  largely 
eliminated.  Conclusions  on  these  jDoints  can  not  now  be 
drawn;  but  these  possible  differences  are  noted  as  the 
reason  for  using  mean  values  instead  of  averages  in 
dealing  with  the  data  of  Table  I.  Fortunately,  the  mean 
and  the  average  are  almost  identical  for  most  of  the 
groups  represented  in  that  table. 

Discussion 
The  data  of  the  present  paper  clearly  indicate:  (a) 
That  in  the  two  generic  crosses  made  by  us  the  blood 
sugar  of  the  parent  genera  stood  at  distinctly  different 
levels ;  (b)  that  the  Fi  hybrids  from  both  of  these  crosses 
had  values  intermediate  to  those  of  the  parent  genera; 
(c)  that  this  intermediate  value  in  the  one  tested  case 
again  divided  or  ''fractionated"  in  a  back-cross  with  one 
of  the  parent  species;  (d)  and  that  in  still  other  frac- 
tional parts  of  parental  composition  (five-eighths,  one- 
thirty- second)  there  is  found  some  evidence  that  the 
sugar  level  is  either  further  divisible  or  that  it  still  shows 
the  presence  and  hereditary -effect  of  both  parental  gen- 
era. The  data  are  not  of  such  nature  as  to  test  the  ques- 
tion as  to  whether  segregation  docs  or  does  not  occur  and 
are  otherwise  obviously  limited  in  amount  and  in  their 
application.  But  the  character  here  studied  is  a  less 
superficial  one  than  are  the  visible  characters  whose  he- 
reditary behavior  have  become  well  known,  and  the  pos- 
sibility of  an  influence  of  this  more  deeply-seated  char- 
acter upon  those  visible  and  more  superficial  characters 
is  a  point  of  interest. 
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TABLE  II 

Approximate  and  Comparative  Amounts  of  Reducing  Substances  in  the 
Blood  of  Various  Animals  and  in  Seven  Genera  op  Pigeons 


Animal 


Man   

Horse  

Sheep  

Cat  

Dog    

Rabbit  

Duck 

Goose  

Fowl  

Tortoise  .. 

Frog  

Dog-fish  .. 
Chimaera 

Cancer  

Octopus  .. 


No.  of 


a  a 
S  o 


61 
2 
2 

16 
7 

25 

14 
6 
9 
4 

26 
4 


Reducing 

power    of 

blood   (milli 

grams    sugai 

per  100  cc 

blood) 


84 

70 

70 

70 

75 

118 

150 

150 

200 

90 

40 

65 

28 

40 

32 


Observer 


Strouse 

Abderhalden 

Abderhalden 

Scott 

Scott  and  Hastings 

Scott  and  Ford 

Kausch 

Kausch 

Saito  and  Katayama 

Bierry  and  Giaja 

Scott  and  Kleitman 

Scott 

Lang  and  Macleod 

Lang  and  Macleod 

Bierry  and  Giaja 


YAh 

Zenaidura  carolinensis  

Turtur  orientalis  

lOUS  ( 

2 

22 

1 

11 

37 

1 

1 

9 

22 

jENERA 

5 

43 

5 

22 

103 

3 

3 
15 

36 

OF  Pigeons 

257 
190 
190 
185 
181 
173 
170 
168 

151 

Unpublished 

Riddle  and  Honeywell 

Unpublished 

Scott  and  Honeywell 

Unpublished 

Unpublished 

Riddle  and  HonejTveU 

Unpublished 

Unpublished 

Leucosarcia  picata  .    .    .. 

Common  pigeon  (Columba) 
Common  pigeon  (Columba) 
Spilopelia  chinensis  

Spilopelia  suratensis  

Stigmatopelia  senegalensis 

Streptopelia  risoria     (^ 

Streptopelia  alba        ( 

The  curve  for  ''body  weight"  which  accompanies  the 
data  for  blood  sugar  in  Figure  2  is  so  similar  to  the 
curve  for  the  latter  as  to  permit  the  inference  that  the 
mechanism  for  the  inheritance  of  the  one  applies  also 
to  the  other.  It  must  be  pointed  out  that  among  doves  or 
other  animals  there  is  no  direct  relation  between  body 
weight  and  blood  sugar  level  such  as  would  naturally  re- 
sult in  the  parallelism  seen  in  Figure  2.  The  species 
with  the  highest  blood  sugar  shown  in  Table  II  {Zenai- 
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dura)  is  with  one  exception  the  smallest  species  repre- 
sented in  the  table;  the  smallest  species  {Stigmatopelia) 
has,  with  two  exceptions,  the  lowest  sugar,  etc.  Nor 
within  the  limits  of  a  dove  species  is  there  any  definite  re- 
lation between  the  body  weight  and  the  blood  sugar.  The 
multiple  factor  hypothesis  is  the  rather  widely  accepted 
interpretation  of  the  more  usual  behavior  of  "body 
size"  in  inheritance.  This  interpretation  is  supported  in 
most  studies  of  this  subject  by  one  or  another  amount  of 
observable  and  measurable  segregation.  Whether  seg- 
regation of  blood  sugar  values  actually  occurs  is,  as 
stated  above,  a  question  not  tested  by  our  data;  we  may 
add,  however,  that  we  do  not  therefore  assume  that  it 
does  occur.  On  this  point  our  own  view  is  that  it  is 
fairly  clear  that  the  most  fundamental  characteristics  or 
properties  of  living  matter — irritability,  respiration,  con- 
tractility, groAvth,  etc. — obviously  do  not  segregate,  and 
that  a  multitude  of  visible  characters  certainly  do  segre- 
gate. "Whether  the  normal  hereditary  level  of  blood 
sugar  goes  with  the  one  group  or  with  the  other  is  quite 
unknown.  The  relatively  large  role  of  three  to  several 
glands  of  internal  secretion,  and  of  a  part  of  the  nervous 
system,  in  the  normal  maintenance  and  regulation  of  the 
blood  sugar  level  would  seem,  however,  to  afford  a  logi- 
cal basis  for  the  assumption  that  the  blood  sugar  level 
ma}^  have  a  ''multiple  factor"  basis  and  that  some  or 
many  of  these  factors  may  be  segregable. 

A  few  available  observations  bear  in  some  degree  on 
the  point  just  mentioned.  Pike  and  Scott  (8)  have  called 
attention  to  the  fact  that  a'  mechanism  for  maintaining 
the  constancy  of  the  sugar  of  the  blood  is  one  of  a  num- 
ber of  internal  adjustments  which  the  progressively 
higher  animals  have  had  to  develop  in  greater  and 
greater  perfection.  And  Scott  (14)  has  further  sug- 
gested that  in  higher  animals  a  delicate  secondary  mech- 
anism has  been  developed  and  passed  on  through  in- 
heritance which  permits  a  rapid  variation  of  the  blood 
sugar  about  the  species  norm  as  an  emergency  means  of 
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securing  a  promj)t  release  of  energy.  All  of  these  con- 
siderations emphasize  the  fact  that  the  sugar  of  the 
blood  is  both  a  regulated  and  a  regulating  mechanism; 
and  that  its  changes — whether  of  permanent  or  tempo- 
rary nature — are  of  much  greater  significance  to  cells 
and  tissues  generally  than  are  changes  in  the  ordinary 
visible  characters  with  Avhich  our  studies  of  inheritance 
commonly  deal. 

It  was  noted  at  the  beginning  of  this  paper  that  studies 
on  the  inheritance  of  characters  comparable  with  blood 
sugar  values  have  not  been  made.^  In  this  connection  it 
should  xDcrhaps  be  remarked  that  the  behavior  of  starchy 
and  sugary  characters — which  are  reallj^  alternative 
forms  of  the  same  thing — have  received  much  attention 
in  plant  genetics.  In  maize  crosses,  for  example,  the 
chief  facts  for  starchy  and  sugary  endosperm  have  been 
reported  by  Correns  (1 ),  East  and  Hayes  (2)  and  others. 
A  paper  by  Pearl  and  Bartlott  (7)  supplies  quantitative 
determinations  of  starch,  various  sugars,  moisture,  etc., 
in  Pi,  Pi  and  Fo,  from  a  one-direction  cross  made  with 
two  varieties  of  corn.  In  all  the  above  work  with  maize 
a  segregation  of  these  sugary  and  starchy  characters  is 
shown  to  occur  in  the  P..  The  Pi  endosperm  of  corn  is 
of  course  not  wholly  comparable  with  the  Pi  of  the  corn 
plant  nor  of  the  Fi  animal  organism.  The  results  of  none 
of  these  studies  seem  really  comparable  with  a  character 
such  as  the  blood  sugar  which,  in  the  animal  body,  is 
under  continuous  regulation  and  whose  temporary  or 
permanent  fluctuation  in  the  circulating  fluid  calls  forth 
other  equilibrium  changes  in  both  the  blood  and  in  all 
tissues  supplied  with  blood.  That  such  equilibrium 
changes  or  adjustments  on  the  part  of  blood  and  tissues 
accompany  the  permanently  high  or  low"  sugar  level  fol- 
lows necessarily  from  the  general  physico-chemical  rela- 

2  Since  1920  our  colleague,  Dr.  J.  •  Arthur  Harris,  has  been  conducting 
extensive  investigations  on  the  physico-chemical  properties  of  the  tissue 
fluids  of  Egyptian  and  Upland  cotton,  and  of  their  hybrids,  as  grown  under 
irrigation  agriculture  at  the  Cooperative  Testing  Station,  U.  S.  Department 
■of  Agriculture,  at  Sacaton,  Arizona. 
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tions  involved.  But  a  special  consideration  of  some  as- 
pects of  these  adjustments  to  altered  concentrations  of 
the  blood  sugar  has  already  been  supplied  by  Epstein 
(3)  and  by  Woodyatt  (13, 17). 

The  blood  change  found  and  described  by  Gerould  (4) 
in  blue-green  caterpillars  is  a  quite  different  matter  from 
the  subject  under  consideration  but  may  be  briefly  men- 
tioned here.  In  this  case  the  mutational  character  in- 
volved the  destruction  or  decolorization  of  xanthophyll 
in  its  passage  through  the  intestinal  epithelium.  As  a 
result  of  this  destruction  the  caterpillar's  blood  was  free 
of  the  pigment,  and  all  the  various  parts  of  the  ani- 
mal's body  which  were  normally  pigmented  with  xantho- 
phyll through  the  blood  supply  were  left  without  this  pig- 
ment in  all  stages  of  the  life-history  of  the  insect. 

The  foregoing  results  lead  to  the  suggestion  that  the 
intermediate  blending  or  divisible  nature  of  such  charac- 
ters as  the  blood  sugar  level  in  the  Fi,  and  a  second  di- 
visibility in  the  Fi  back-crossed  to  a  parent  genus,  af- 
fords a  possible  explanation  of  some  observed  irregu- 
larities in  the  behavior  of  visible  characters  in  wide 
crosses  as  this  has  been  observed  particularly  by  A^Hiit- 
man  (15).  Wide  differences  of  such  a  character  as  blood 
sugar  may  usually  be  expected  onh^  in  forms  rather 
widely  separated  phylogenetically.  That  this  is  true  in 
the  case  of  blood  sugar  itself  is  indicated  by  the  data  as- 
sembled in  Table  II.  From  crosses  of  different  genera 
of  pigeons — where  fertility  extends  even  to  different 
families — Whitman  observed  a  number  of  phenomena 
which  it  is  of  interest  to  review  in  the  light  of  the  facts 
given  above. 

The  final  chapter  of  the  second  volume  of  ^Miitman's 
studies  is  devoted  to  a  consideration  of  "The  divisibility 
of  characters."  It  was  there  shown  that  the  Fi  obtained 
from  crosses  of  wild  species  and  genera  of  pigeons  ex- 
hibit (sex  limited  characters  partially  or  largely  ex- 
cepted) a  blending  of  the  parental  characters.  Moreover, 
the  back-crosses  of  these  Fa  hybrids  again  show  a  second 
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or  even  a  third  ''division"  of  the  parental  characters.  In- 
volved in  these  cases  were  such  characters  as  general 
body  coloration,  the  "neck-mark"  as  a  whole,  and  both 
the  coloration  and  bifid  condition  of  the  individual 
feathers  within  this  neck-mark.  We  may  note  here  that 
the  analysis  of  the  divisibility  of  the  blood  sugar  level 
observed  by  us  in  the  Turtur  yc^  Streptopelia  cross  quite 
closely  parallels  the  behavior  of  the  visible  characters 
of  these  same  hybrids  as  studied  hy  AMiitman.  Again, 
our  second  case  {Spilopelia  X  Streptopelia)  involves  the 
identical  cross  in  which  Whitman  has  described  (15;  see 
plate  34)  a  second  "division"  of  the  three  above- 
mentioned  characters  of  the  neck-mark.  Hereditary 
behavior  of  the  above  kind  A^Hiitman  called  "pure  or 
direct  inheritance." 

A  second  type  of  irregularity  of  hereditary  behavior 
encountered  in  these  crosses  of  different  genera  by 
'\A^itman  is  concerned  with  the  impurity  or  incomplete 
dominance  or  recessiveness  of  characters,  notabl}^  of 
color  characters;  this  being  sometimes  found  even  in 
cases  of  sex-limited  color  inheritance.  For  example, — 
in  the  very  same  birds  used  as  principal  material  for  the 
present  study — the  white  color  of  Streptopelia  alba  never 
emerges  even  approximately  pare  white  from  crosses 
with  Turtur,  but  shows  various  areas  of  partial  pig- 
mentation. These  cases  could  also  of  course  be  "de- 
scribed" in  terms  of  multiple  factors,  modifying  factors, 
contamination,  etc.  The  possibility  that  unequal  num- 
bers of  chromosomes  are  contributed  by  these  genera 
might  also  be  considered.  The  results  of  this  study,  how- 
ever, raise  the  question :  Are  the  new  and  different  levels 
of  blood  sugar — and  of  other  similar  though  as  yet  un- 
studied elements  introduced  into  the  hybrid  b}^  wide 
crosses — perhaps  these  modifying  or  contaminating  fac- 
tors? The  new  and  different  blood  sugar  level  of  the 
hybrid  certainly  provides  a  somewhat  different  internal 
environment  in  which  the  characters  proceeding  from 
the  parent  forms  must  develop.    Is  no  mark  left  upon  the 
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multitude  of  visible  characters  which  must  undergo  the 
whole  of  their  development  under  this  new,  persistent 
and  intimate  environment  ? 

Still  a  third  large  group  of  cases  of  aberrant  develop- 
mental or  hereditary  behavior  is  encountered  among  the 
hybrids  proceeding  from  many  wide  crosses.  The  exhi- 
bition of  fertility  in  all  degrees  and  the  fixed  or  limited 
life-terms  of  offspring  in  some  of  these  crosses  consti- 
tute one  group  of  such  characters;  and  the  greatly  in- 
creased frequency  of  reproductive  abnormalities  and  of 
absent  gonads  in  these  offspring  supplies  us  with 
another. 

In  none  of  these  cases  cited  above  is  it  necessary  to 
suppose  that  an  altered  sugar  level  alone,  nor  that  an 
alteration  of  any  other  single  one  of  the  several  invisible 
characters  which  probably  share  the  blood  sugar  mode 
of  inheritance,  is  the  sole  cause  of  the  aberrant  behavior. 
The  important  point  would  seem  to  be  that  a  new  inter- 
nal (blood)  environment  is  established  in  such  hybrids 
and  that  the  parental  characters  show  a  developmental 
response  to  this  new  environment.  We  have  here  been 
able  to  show  that  one  important  element  of  such  a  new 
blood  environment  does  occur  in  some  of  these  hybrids ; 
and  we  have  noted  that  some  of  the  characters  of  these 
same  hybrids  show  atypical  or  unexpected  hereditary 
behavior.  Elsewiiere  we  have  shown  (10)  that  the  nor- 
mal sugar  level  extends  throughout  the  life  cycle  in 
the  pigeon,  and  is  already  present  in  the  embryo. 

At  the  beginning  of  this  paper  it  was  noted  that  from 
some  reported  crosses  of  species  or  of  genera  tliere  re- 
sult, apparently,  no  notable  departures  from  expected 
hereditary  behavior.  We  are  now  able  to  offer  a  possible 
explanation  for  the  issuance  of  normal  hereditary  be- 
havior from  certain  wide  crosses  and  abnormal  or  unex- 
pected behavior  from  certain  others.  For,  in  some  such 
crosses  the  blood  sugar  level— and  other  similar  regu- 
lating characteristics  of  the  blood  or  internal  environ- 
ment—may not  be  notably  different  in  the  forms  crossed ; 
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while  other  crosses  do  involve  wide  differences  in  these 
characteristics  of  the  internal  environment.  In  these 
latter  cases  the  continued  "fractionation"  of  such  char- 
acteristics of  the  internal  environment  assists  in  the 
continued  blending  or  fractionation  of  characters  in  the 
hybrids  of  the  various  grades.  It  is  thus  made  evident 
that  in  the  case  of  some  wide  crosses  an  agency  for  the 
modification  of  developing  characteristics  may  come  into 
action  which  is  necessarily  absent  from  crosses  of  closely 
related  races,  varieties  and  species. 

On  the  basis  of  the  facts  obtained  from  the  present 
stud}^  of  the  blood  sugar  of  dove  hybrids  it  is  reasonable 
to  assume  that  there  exist  other  as  yet  unstudied  char- 
acteristics of  the  blood — or  internal  environment — which 
behave  in  inheritance  in  the  same  way  as  does  the  blood 
sugar  level.  Some  of  these  characteristics,  states  or 
processes  may  affect  developmental  processes  more 
readily  than  do  others.  We  venture  the  suggestion  that 
some  or  many  of  the  visible  characteristics  of  two  parent 
species  which  have  developed  in,  and  are  presumably  per- 
fectly adapted  to,  a  blood  environment  at  one  level  may 
exhibit  a  response  of  one  or  another  grade  when  forced 
to  develop  in  a  different  blood  environment  in  the  soma 
of  the  hybrid.  If  this  is  true  we  are  in  a  more  favorable 
position  to  interpret  some  of  the  hereditary  and  develop- 
mental phenomena  presented  in  hybrids  from  w^de 
crosses. 

Summary 

The  genera  Tnrtiir  and  Streptopelia  were  observed  to 
have  quite  different  amounts  of  sugar  in  the  blood — 
respectively  188  and  149  mgms  sugar  per  100  cc  of  blood 
— and  a  study  was  made  of  the  amount  of  blood  sugar 
in  various  grades  of  hybrids  of  these  two  genera.  A 
study  of  Fi  hybrids  of  a  Spilopelia  X  Streptopelia  cross 
was  also  made. 

The  Fi  hybrids  obtained  from  both  crosses  had  blood 
sugar  values  intermediate  to  those  of  the  parent  genera. 
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The  offspring  of  Fi  hybrids  of  Turtur  X  Streptopelia 
back-crossed  to  Streptopelia  again  gave  sugar  values 
intermediate  to  those  of  the  Fi  and  Streptopelia.  Still 
other  grades  of  these  hybrids  obtained  from  back-crosses 
apparently  also  show  a  further  blending  or  '' fraction- 
ation" of  this  character. 

The  blood  sugar  level  is  apparently  inherited  in  the 
same  way  as  is  body  size  in  these  same  animals. 

The  behavior  in  inheritance  of  a  character  comparable 
with  the  normal  blood  sugar  level  has  hitherto  not  been 
studied.  The  hybrids  examined  had  a  blood  sugar  value 
different  from  the  values  of  the  parent  genera ;  this  dif- 
ferent value  is  maintained  throughout  the  life  cycle  of 
the  hj^brid ;  and  this  different  sugar  value  requires  equi- 
librium adjustments  on  the  part  of  other  blood  and  tissue 
components  of  the  hybrid  in  all  or  nearly  all  stages  of 
the  development,  growth  and  life  of  the  hybrid. 

It  is  suggested  that  certain  irregular  and  other  little 
known  hereditar}'  or  developmental  phenomena  often 
met  with  in  hybrids  proceeding  from  wide  crosses  are  the 
result  of  the  circumstance  that  in  such  hybrids  the 
parental  characters  are  forced  to  undergo  the  whole  of 
their  development  in  blood  which  constitutes  a  new,  inti- 
mate and  continuously  acting  internal  environment. 
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THE  EFFECT  OF  THE  EXVIROXMEXT  IX  THE 
PRODUCTIOX  OF  MALFORMATIOXS 


[Reprinted  from  Ecology,  Vol.  IV,  No.  4,  October,  1923.] 


The  Effect  of  the  Environ mext  in  the  Production  of  Malforma- 
tions ^ 

The  mental  attitude  of  the  older  systematists  who  regarded  all  variations 
as  devices  of  the  devil  seems  to  have  persisted  longer  with  reference  to  the 
various  malformations  occurring  in  vertebrates,  and  its  latest  efflorescence 
is  apparently  found  in  the  studies  by  some  psycho-analysts,  and  even  pseudo- 
endocrinologists,  of  the  minds  of  men  of  genius.  I  refer  to  the  attempts  of 
two  of  them  to  show  how  Darwin  became  that  way  mentally.  If  I  knew 
how  Darwin  did  get  his  peculiar  mental  characteristics,  I,  for  one,  would 
obey  the  injunction,  "  Go  thou  and  do  likewise."  The  point  of  the  matter 
seems  to  be  that  the  biologist  should  not  wonder  so  much  whv  there  are 
slight  variations  or  departures  from  strict  conventionality  as  that  there  is 
so  little  departure.  The  uniformity  of  results  in  such  a  marvelously  com- 
plex system  as  the  living  organism,  rather  than  the  occasional  departures 
from  strict  tradition,  seem  most  difficult  to  understand. 

This  regulation  of  body  form  has,  as  I  am  inclined  to  believe,  a  much 
more  significant  relation  to  such  great  biological  questions  as  the  failure  of 
parthenogenesis  and  the  occurrence  of  death  in  higher  organisms  than  has 
generally  been  recognized,  and  all  these  questions  are  apparently  related  in 
some  way  to  the  increasing  degree  of  independence  of  the  external  environ- 
ment acquired  by  the  organism  in  the  course  of  evolution. 

The  egg  of  each  species  has  its  own  specific  rate  of  development,  probably 
dependent  upon  its  specific  chemical  make-up,  and  not  upon  whether  it  is 
holoblastic  or  meroblastic.  The  rate  of  development  depends,  particularly 
during  the  later  stages,  on  the  amount  of  food  available,  but  the  supply  of 
oxygen  and  the  temperature  have  a  more  striking  influence  on  the  rate  of 
development.  The  oxygen  supply  and  the  temperature  are  the  most  impor- 
tant and  most  common  influences  in  the  environment  which  affect  the  rate 
of  development. 

Two  methods  of  development  occur  in  the  animal  and  plant  series — the 
continuous  and  the  discontinuous.  The  continuous  mode  of  development  is 
found  in  most  of  the  animals  whose  eggs  develop  in  a  uniform  or  homo- 
geneous, medium,  such  as  sea  water. 

The  fresh-water  and  the  land  animals  manifest  most  varied  and  complex 
methods  of  securing  an  environment  of  sufficient  uniformity  to  permit  un- 

1  Stockard,  Charles  R.,  "  Developmental  Rate  and  Structural  Expression :  An  Ex- 
perimental Study  of  Twins,  '  Double  Monsters  '  and  Single  Deformities,  and  the  Inter- 
action among  Embryonic  Organs  during  their  Origin  and  Development,"  American 
Journal  of  Anatomy,  xxviii,  pp.  115-277,  1921. 
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interrupted  development.  Many  forms  have  evolved  a  method  for  the 
development  of  the  embryo  within  the  body  of  the  mother.  Xot  all  land 
animals  have  succeeded  in  securing  continuous  development,  and  there  are 
many  forms  in  which  discontinuous  development  obtains.  In  oviparous 
forms  the  egg  attains  a  certain  stage  within  the  body  of  the  mother,  and  then, 
in  some  species,  a  break  occurs  in  the  environment,  with  a  consequent  slowing 
IX  stopping  of  the  whole  process  of  development. 

A  continuous  mode  of  development  may  be  transformed  to  a  discon- 
tinuous one  by  reducing  the  temperature  at  any  given  stage,  by  restricting  the 
supply  of  oxygen,  or  increasing  the  concentration  of  carbon  dioxide  in  the 
environment  of  the  developing  egg. 

The  author's  experimental  work,  as  described  in  the  present  paper,  was 
done  on  eggs  of  Fundulus  (the  mud  minnow),  and  the  particular  changes 
produced  in  the  environment  were  reduction  of  the  temperature  or  of  the 
supply  of  oxygen. 

Fundulus  eggs  show  stages  of  comparative  indifference  to  the  slowing  of 
the  developmental  rate,  and  other  stages  in  which  there  is  a  much  greater 
sensitiveness.  If  the  slowing  were  to  occur  from  natural  causes  at  the  sensi- 
tive periods,  the  species  might  be  eliminated  because  of  the  high  proportion 
of  abnormal  embryos  which  would  result. 

If  Fundulus  eggs  are  reduced  to  a  temperature  of  5°  C.  to  9°  C.  imme- 
diately before  the  first  cleavage  for  varying  periods — 45  hours  at  5°  C.  to 
70  hours  at  7°  C.  or  9°  C. — and  then  restored  to  room  temperature  (July  at 
Woods  Hole),  there  is  a  high  mortality,  and  a  high  percentage — about  S3  per 
cent — of  deformities  among  those  embryos  which  develop  further.  At  a 
temperature  of  5°  C.  development  is  almost  completely  stopped,  and  the  mor- 
tality among  the  eggs  subjected  to  this  temperature,  when  again  brought  to 
room  temperature,  may  be  as  great  as  7S  per  cent.  After  exposure  to  tem- 
peratures of  7°  C.  or  9°  C,  by  which  development  is  greatly  retarded,  the 
mortality  may  be  54  per  cent  or  even  only  34  per  cent.  The  monsters  result- 
ing are  not  limited  to  any  one  type,  but  almost  all  types  may  be  exhibited. 
Stopping  the  development  almost  completely  has  a  more  severe  effect  upon 
the  embryo  than  merely  slowing  it  down. 

When,  however,  development  has  proceeded  through  gastrulation  and  the 
appearance  of  the  embryonic  shield,  subjecting  the  eggs  to  the  low  tempera- 
tures for  three  or  four  days  has  but  relatively  little  effect  beyond  deferring 
the  time  of  hatching.  This  is  true  also  when  the  eggs  have  attained  even 
later  stages  of  development  before  they  are  subjected  to  lower  temperatures. 
In  the  case  of  Fundulus,  the  early  cleavage  stages  seem  particularly  sensitive 
to  environmental  conditions  which  slow  the  rate  of  growth,  while  the  later 
stages  seem  insensitive  to  such  conditions. 

The  reason  for  the  appearance  of  the  great  variety  of  monsters  after  the 
early  cleavage  stages  have  been  subjected  to  the  low  temperatures  is  that  the 
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development  of  all  organs  must  occur  subsequent  to  this,  and  that  all  may 
thus  be  arrested  or  deformed.  No  double  monsters  occur  if  slowing  of 
development  occurs  at  the  beginning  of  gastrulation,  as  their  moment  has 
passed,  although  various  brain,  branchial,  and  other  defects  may  appear. 

The  types  of  deformities  resulting  from  stopping  or  slowing  the  rate  of 
development  at  critical  periods  are  the  same  as  those  resulting  from  treatment 
of  the  eggs  with  solutions  of  various  chemicals.  Reduction  of  the  oxygen 
supply  by  allowing  the  eggs  to  form  clumps  of  100  or  more  was  attended  by 
the  same  general  effects  upon  the  eggs  in  the  center  of  the  clump  as  were 
noticed  after  a  reduction  of  the  temperature. 

Trout  eggs  are  more  sensitive  to  a  reduction  of  the  temperature  or  to  a 
lack  of  oxygen  than  Fundulus  eggs.  Twins  and  double  monsters  were  more 
frequent  in  the  trout  eggs  so  treated.  Stockard  concludes  that  twinning  and 
formation  of  double  monsters  are  not  due  simply  and  solely  to  changes  in  the 
environment,  but  are  also  dependent  upon  the  internal  structure  of  a  given 
egg  and  its  peculiar  manner  of  development. 

In  connection  with  this  greater  sensitiveness  of  trout  eggs,  it  would  be  of 
interest  to  determine  the  temperature  and  the  oxygen  content  of  the  water  in 
the  streams  where  these  fish  spawn,  and  in  other  streams,  at  the  critical  period 
of  the  development  of  the  eggs.  Such  a  study  might  have  some  bearing  on 
the  question  of  the  distribution  of  the  trout  and  of  other  fish. 

Twins  and  double  embryos  are  relatively  frequent  in  fowl's  eggs,  but 
these  rarely  hatch.  Birds  have  a  discontinuous  mode  of  development,  with 
a  slowing  or  arrest  often  occurring  within  a  short  time  after  the  egg  is  laid. 
But  the  blastoderm  has  usually  passed  the  gastrula  stage  at  the  time  of  laying. 
There  is  probably,  however,  considerable  variation  in  the  stage  of  develop- 
ment at  the  time  of  laying,  and  many  eggs  have  probably  failed  to  reach  or 
pass  the  gastrula  stage.  Stockard  considers  that  this  variation  is  sufficient 
to  account  for  the  occurrence  of  double  individuals  and  twins  among  chick 
embryos.  There  appears  to  be  a  selective  factor  in  the  time  of  laying.  Eggs 
laid  before  the  stage  of  gastrulation  has  been  reached  would,  on  the  basis  of 
the  experiments  herein  described,  be  particularly  susceptible  to  the  slowing 
of  development  following  laying,  and  the  relatively  large  proportion  of  abnor- 
malities would  result  in  the  virtual  elimination  of  these  eggs,  and  perhaps  of 
all  the  eggs  laid  by  a  particular  mother. 

The  egg-laying  reptiles,  since  their  body  temperatures  is  only  slightly 
higher  than  that  of  the  environment,  are  not  subject  in  the  same  degree  as 
birds  to  the  dangers  of  a  discontinuous  mode  of  development.  So  far  as 
birds  are  concerned,  the  discontinuous  mode  of  development  has  arisen  from 
the  fact  that  birds  have  developed  a  uniform  body  temperature.  It  would 
be  of  some  biological  interest,  from  the  point  of  view  of  the  selective  time  of 
laying,  to  determine  whether  the  stage  of  the  development  of  the  avian  egg 
at  the  time  of  laying  differs  from  that  of  the  reptilian  egg.     Another  matter 
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of  some  interest,  but  beside  the  point  of  the  origin  of  the  malformations, 
would  be  the  collection  of  data  bearing  on  the  total  time  of  development  of 
the  young  in  oviparous  and  viviparous  types  of  the  same  phylum,  as  in  fishes 
and  reptiles,  under  the  same  conditions  of  the  environment.  One  is  struck 
by  the  relatively  short  period  of  incubation  of  birds  as  compared  with  the 
period  of  gestation  of  most  mammals. 

The  attempt  is  made  to  explain  polyembryony  in  the  armadillo  on  the 
basis  of  a  period  of  quiescence  in  the  developing  egg  and  a  probable  lack  of 
oxygen  because  of  the  imperfect  uterine  implantation  of  the  egg  during  this 
stage.  There  is  a  period  of  quiescence  during  the  development  of  the  deer's 
ovum,  but  it  is  unknown  at  what  stage  it  occurs,  and  it  is  equally  unknown 
why  polyembryony  does  not  occur. 

The  argument  is  advanced  that  the  adult  body  of  higher  animals  may  be 
considered  to  arise  from  a  sexually  produced  embryonic  axis,  the  stock  of 
which  gives  rise  by  asexual  budding  to  the  various  special  organs.  This 
constitutes  an  alternation  of  generations — a  process  not  limited  to  lower 
forms,  but  occurring  throughout  the  animal  kingdom. 

This  consideration  has  a  bearing  on  the  relation  between  structural  com- 
ponents of  connected  twins  and  double  individuals.  There  arises  a  competi- 
tion between  the  components  themsehes  similar  to  that  among  several  buds 
growing  from  a  common  stock.  This  is  reminiscent  of  Roux's  "  Kampf  der 
Teile."  - 

In  double  individuals,  the  parts  of  which  are  incompletely  separated,  there 
may  be  all  variations  from  equality  in  the  size  of  the  two  parts  to  relative 
insignificance  of  one,  so  that  it  appears  as  a  mere  bud  on  the  other.  When 
the  two  parts  are  of  equal  size,  both  may  be — and  generally  are — structurally 
perfect.  In  the  competition  between  the  parts  the  advantages  were  appar- 
ently equal.  Where  the  two  components  are  unequal  in  size,  the  smaller 
component  is  always  abnormal  in  structure.  The  greater  the  diflference  in 
size,  the  greater  in  general  is  the  degree  of  abnormality  of  the  smaller  com- 
ponent. There  is  a  possibility  that  the  smaller  component  may  be  entirely 
included  within  the  body  of  the  larger. 

From  this  point  of  view,  an  individual  appearing  to  be  a  typically  single 
specimen  may  in  reality  partake  of  the  nature  and  qualities  of  the  larger 
component  of  a  double  individual.  Since  reversal  of  the  viscera  occurs  much 
more  frequently  in  one  of  the  components  of  a  double  individual  (fish)  than 
is  ever  found  in  any  group  of  single  vertebrate  specimens,  the  reversed  ar- 
rangement of  the  viscera  would  appear  to  be  associated  with  the  double  con- 
dition; one  may  be  inclined  to  suspect  that  a  typically  single  individual  with 
situs  visccrmn  inversus  is  in  reality  a  twin — i.e.,  the  larger  component  of  a 
double  individual. 

-  Roux,  Wilhelm,  "  Die  ziichtende  Kampf  der  Theile  odcr  die  '  Theilauslese '  im 
Organismus,"  Abhandlungen  iiber  Entwickelungsmechanik  der  Orgaiiismcn,  Bd.  I,  pp. 
135-422,  1895. 
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The  condition  of  the  small  component  has  a  bearing  also  on  certain  theories 
of  teratomata.  Stockard  argues  that  a  teratoma  may  represent  simply  the 
smaller  component  of  a  double  individual. 

The  two  components  may  sometimes  be  separated  completely  and  give 
rise  to  identical  twins  from  one  ovum. 

In  the  double  individual  with  unequal  components  the  question  arises  as 
to  the  influences  which  could  act  upon  the  smaller  component  to  interfere 
with  its  complete  development,  but  which  could  not  also  act  upon  the  larger. 
Agencies  in  the  external  environment  must  be  excluded,  since  they  would  act 
equally  upon  both  components  because  oi  their  intimate  connection  and  in- 
clusion within  the  same  egg  membrane.  Nor  can  the  defects  in  the  smaller 
component  be,  in  general,  of  germinal  origin.  The  question  of  the  competi- 
tion between  the  various  parts  of  the  organism  is  again  raised,  and  the  con- 
clusion is  drawn  that  this  competition  must  be  something  other  than  that  for 
the  appropriation  of  the  ordinary  yolk  material.  It  may  be  similar  in  nature 
to  that  between  two  or  more  plant  buds  growing  from  a  common  stock,  when 
the  competition  involves  something  more  than  a  struggle  for  the  available 
food.  In  some  manner,  not  at  present  understood,  the  large'"  component  of 
a  double  individual  has  some  advantage  over  the  smallei',  fmd  so  develops 
normally,  while  the  smaller  component  is  malformed. 

In  summing  up  the  evidence,  the  author  states  that  every  type  of  develop- 
mental monster  may  be  produced  by  one  and  the  same  exper' mental  treat- 
ment; the  same  structural  abnormality  may  be  induced  in  the  embryos  of 
various  species  by  a  great  number  of  experimental  treatments ;  in  all  cases 
the  initial  effect  of  the  experimental  treatment  is  a  lowering  of  the  develop- 
mental rate,  and  the  resulting  deformity  is  always  due  to  this  slow  rate  of 
development ;  the  type  of  monster  or  deformity  is  determined  by  the  develop- 
mental period  during  which  the  slowing  in  rate  is  experienced.  As  a  com- 
mon law  of  both  abnormal  and  normal  development,  we  may  say  that  "  struc- 
tural quality  may  be  affected  by  many  things,  but  always  depo»  ds  directly 
upon  the  rate  of  development  of  the  part  of  the  individual." 

A  particular  structural  modification  may  be  more  common  in  one  species 
than  another.  Double  individuals  are  more  common  in  trout  than  in  Fundu- 
lus,  but  some  eye  defects  are  more  common  in  deformed  specimens  of  Fun- 
dulus.  These  conditions  are  apparently  due  to  the  different  hereditary 
backgrounds  on  which  the  modifying  conditions  act. 

It  is  possible  that  the  early  formed  organs  in  a  single  individual  may  be 
related  to  one  another  in  their  development  as  are  the  components  of  double 
individuals.  The  examination  of  the  growth  influence  of  the  apical  or  pri- 
mary bud  over  the  secondary  and  potential  buds  in  plants  is  particularly 
suggestive  in  this  connection.  The  general  conclusion  is  that  each  growing 
bud  and  each  embryonic  organ  exerts  a  depressing  influence  on  the  growth 
of  all  other  buds  in  the  individual  plant.     As  a  shoot  gradually  ceases  to  grow. 
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its  depressing  influence  gradually  ceases.  One  may  woiifler  wlipthrr  the 
last  sentence  applies  universally  in  animals. 

In  the  interactions  of  the  various  organs  of  the  embryo  with  one  another 
we  find,  at  certain  intervals  of  time,  rapid  growth  occurring  in  given  regions. 
The  growth  in  certain  regions  then  slows  down  and  growth  in  other  regions 
begins,  to  slow  down  in  its  turn.  In  the  case  of  the  brain  of  vertebrates,  it 
is  possible  that  during  this  period  of  rapid  growth  the  optic  vesicles  exert  a 
depressing  influence  over  other  parts.  It  is  known,  too,  that  the  optic  vesicles 
arise  from  a  definitely  located  group  of  cells  in  the  neural  plate  of  the  embryo, 
and  that  they  can  not  arise  from  any  other  cells.  Furthermore,  if  the  optic 
vesicles  do  not  grow  out  at  a  particular  time,  they  do  not  grow  out  at  all. 
There  is  in  this  a  significant  emphasis  of  the  importance  of  the  time  factor, 
long  recognized  by  biologists.  We  may  recall  the  old  statement  of  Vrolik 
that  many  abnormalities  of  development  could  not  be  due  to  maternal  im- 
pressions, since  the  time  of  occurrence  of  the  event  supposed  to  bear  a  causal 
relation  to  the  abnormality  seldom  corresponded  with  the  time  at  which  the 
particular  organ  affected  arose  or  reached  a  certain  stage  of  development  in 
the  embryo. 

With  reference  to  the  author's  question  whether  there  is  a  competition 
between  lateral  and  linear  growths  in  other  systems,  similar  to  that  in  the 
nervous  systems,  or  whether  there  is  any  wider  competition  among  the  dif- 
ferent systems  of  the  embryo,  we  may  recall  Burdon-Sanderson's  "  remark 
that  the  organisms  must  have  control  of  all  its  parts.  And  Roux's  "  Kampf 
der  Teile  "  again  comes  to  mind.  A  consideration  of  the  effects  of  a  de- 
creased food  supply  will  show  that  this  competition  can  not  be  a  competition 
for  food  alone.  Warren  has  shown  that  Drosophila  larvae,  reared  on  an 
insufficient  supply  of  food,  are  smaller  than  others,  but  otherwise  apparently 
perfectly  formed,  and  the  females  are  capable  of  laying  as  large  eggs  as  flies 
of  normal  size. 

Stockard  finds  that  in  the  alimentary  tract  there  is  a  process  of  linear 
growth  followed  by  a  process  of  lateral  growth  in  the  nervous  system.  Ab- 
normalities in  the  alimentary  tract  may  be  produced  by  arresting  the  develop- 
ment at  the  appropriate  time,  just  as  in  the  case  of  the  nervous  system.  He 
is  inclined  to  believe  that  all  organs  arise  as  a  series  of  lateral  outgrowths 
or  buds  which  bear  a  relationship  to  one  another  similar  to  that  among  buds 
in  a  growing  plant.  One  bud  is  dominant  for  a  time,  at  the  close  of  which 
it  exhausts  its  advantage.  Some  other  bud  thereupon  begins  to  grow,  until 
it  in  turn  exhausts  its  advantage.  If  the  whole  embryo  is  depressed  or  has 
its  developmental  rate  slowed  at  a  moment  when  a  given  bud  is  growing  at 
its  most  rapid  rate,  that  bud  is  more  decidedly  reduced  in  its  rate  than  any 
other  portion  of  the  embryo.  When  the  whole  embryo  resumes  a  more  rapid 
rate,  the  slower  growing  parts  are  able  to  resume  their  ordinary  rates,  but 

3  Burdon- Sanderson,  J.,  Nature  48  :  pp.  465,  467,  1893. 
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the  particular  bud  most  affected  may  have  passed  its  moment  of  greatest 
advantage,  or  may  be  unable  to  express  itself,  since  other  buds  now  arrive 
at  the  stage  of  advantage. 

The  problem  is  to  locate  the  critical  moment  for  each  of  the  developing 
organs.  By  slowing  development  during  a  period  which  will  cover  a  given 
critical  moment,  one  may  be  able  lo  suppress  any  given  organ  at  will.  The 
complexity  of  animals  renders  the  production  of  such  localized  abnormalities 
difficult  with  present  methods  of  experiment. 

Conditions  in  plants  are  simpler,  and  it  is  possible  to  suppress  or  bring 
out  a  given  bud  at  will.  Stockard  expresses  the  opinion  that,  despite  the  fact 
that  we  do  not  know  exactly  how  it  is  accomplished,  it  is  definitely  the  growth 
of  one  bud  in  a  plant  that  prevents  the  growth  of  another  one.  And  simi- 
larly, m  the  embryo,  probably  the  growth  of  a  given  organ  holds  back  the 
initial  growth  of  another  organ  until  the  first  has  exhausted  its  power  of 
suppression.  The  components  of  a  double  individual  react  on  one  another 
in  such  a  way  as  to  suggest  this  interpretation. 

One  may  venture  a  suggestion  here  that  the  conception  of  cyclical  changes 
in  the  cells  arising  from  a  given  portion  of  the  embryo  or  those  constituting 
a  given  bud  would  obviate  the  necessity  of  postulating  a  depressing  influence 
of  one  part  of  an  animal  embryo  upon  all  other  parts.  It  seems  clear  that, 
although  some  nerve  cells  retain  the  ability  to  undergo  karyokinesis  up  to  the 
age  of  25  years  in  the  human  (Donaldson),'*  others  never  divide  after  birth. 
Do  nerve  cells  cease  to  divide  because  of  the  development  of  other  parts  of 
the  organism,  or  because  of  some  conditions  arising  in  the  nervous  system 
itself  ?  There  is  in  this  long-continued  life  of  a  nerve  cell,  after  undergoing 
its  last  division,  a  striking  analogy  to  Uroleptis,  which  may  continue  to  live 
for  a  considerable  time  after  losing  the  power  of  division  (Calkins).  Since 
Uroleptis  is  a  protozoan,  one  can  scarcely  postulate  the  depressing  influence 
of  other  parts  of  the  organism  upon  it.  Again,  many  plants  have  an  inde- 
terminate growth,  while  all  higher  animals  have  a  determinate  growth,  associ- 
ated, as  it  appears  to  me,  with  the  regulation  of  body  form.  Can  we  transfer 
without  reservation,  and  without  taking  account  of  this  determinate  growth, 
conclusions  drawn  from  observations  on  plants  to  animals? 

Returning  to  the  question  of  critical  movements  in  the  developmental 
process,  Stockard  has  succeeded  in  locating  the  following  moments : 

1.  The  growth  of  the  primary  embryonic  axis.  The  critical  moment  for 
the  origin  of  twins  or  double  individuals  lies  in  the  early  cleavage  or  pre- 
gastrula  stages. 

2.  The  suppression  of  the  eyes  or  modification  of  their  structure.  The 
critical  moment  lies  somewhat  later  than  the  first,  but  before  the  origin  of 
the  embryonic  shield  of  Fundulus. 

3.  Suppression  of  the  primary  brain  ventricles,  leading  to  deformed  or 
*  Donaldson,  H.  H.,  "  The  Harvey  Lectures  for  1916-1917,"  Philadelphia,  1918. 
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tubular  brains.     The  critical  moment  is  before  or  at  the  time  of  the  appear- 
ance of  the  embryonic  shield. 

4.  Modified  or  contorted  mouth  and  branchial  systems.  The  critical 
moment  is  during  the  formation  of  the  embryonic  shield  or  earlier. 

There  is  probably  some  overlapping  of  critical  moments  for  the  origin  of 
ectodermal  organs,  as  those  of  the  central  nervous  system,  and  the  entodermic 
organs  of  the  alimentary  canal. 

5.  Modification  in  size  and  structure  of  the  inner  ear.  The  critical  mo- 
ment lies  close  to  that  of  4. 

6.  Faulty  development  of  the  liver  and  the  pancreas.  The  critical  moment 
is  after  the  embryonic  line  is  distinctly  visible  in  Fundulus  embryos. 

Each  organ  arises  at  a  definite  moment  during  embryonic  development 
and  not  during  widely  dififerent  moments  just  as  truly  as  an  individual  organ 
arises  from  a  very  definite  anlage  and  from  no  other. 

The  relations  between  the  rate  of  growth  and  particular  developmental 
moments  probably  continue  to  be  of  importance  in  post-natal  development. 
One  can  show  a  continuity  in  the  series  from  monstra  in  dcfectu  through 
normal  single  individuals  to  monstra  in  cxccssu  and  to  identical  twins  in  an 
orderly  series.  And  it  is  probable  that  arrests  at  certain  critical  stages  of 
development  underlie  the  appearance  of  all  types  of  monsters. 

The  sensitiveness  of  the  developing  embryo  to  various  changes  in  the 
environment  introduces  great  hazards  during  this  period.  Variations  of 
form,  often  serious  in  their  consequences  for  the  life  of  the  embryo,  appear 
as  the  result  of  the  action  of  the  changes  in  the  environment  at  the  critical 
moments  of  development.  Regarded  from  this  point  of  view,  the  constancy 
of  animal  and  plant  forms,  rather  than  their  variability,  is  cause  for  wonder. 
The  variations  a^earing  as  the  result  of  the  action  of  the  environment,  in 
so  far  as  they  are  defects  or  deformities,  can  hardly  be  regarded  as  pro- 
gressive, and  hence  can  not  be  regarded  as  factors,  except  from  the  point  of 
view  of  their  selective  elimination,  in  organic  evolution.  The  prevention  of 
these  developmental  arrests  becomes  of  increasing  importance  in  higher  ani- 
mals. Along  with  the  regulation  of  internal  conditions  for  other  processes 
or  functions  there  occurs  the  regulation  of  the  environment  of  the  developing 
embryo.  The  control  of  the  environment  of  the  embryo  must  be  included  in 
the  list  of  significant  things  accomplished  for  purposes  of  evolution  through 
the  constancy  of  internal  conditions  of  the  organism.  One  may  remark  here 
that  the  ability  of  the  eggs  of  marine  and  aquatic  forms  to  develop  so  con- 
stantly in  an  environment  subject  to  changes  may  be  considered  as  an  adapta- 
tion. As  Goodrich  points  out,  regulation  of  the  simplest  organisms  or  of  the 
earliest  formed  compounds  on  the  road  to  living  matter  conferred  an  advan- 
tage, and  a  power  of  adaptation  sufficient  to  compensate  for  any  except  the 
extreme  variations  in  the  external  environment  would  give  the  eggs  possessing 
it  an  advantage  over  those  which  did  not. 
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In  the  final  section  of  the  paper  the  author  considers  the  relation  of 
cancerous  growths  to  the  general  cessation  of  all  normal  growth  in  the  old 
individual.  In  age,  growth  is  largely  confined  to  the  repair  of  natural  loss 
and  the  maintenance  of  the  state  of  adult  balance.  Regenerative  growth  fol- 
lowing injuries  to  the  adult  animal  may  become  morbid  in  degree  and  without 
regulation,  thus  giving  rise  to  malignant  conditions.  Cancer  would  be  ex- 
pected to  be  more  frequent  in  certain  families  since  the  growth  balance  and 
proportions  are  hereditary  characters,  and  the  malignant  growth  depends 
largely  on  these.  The  slight  amount  of  general  growth  in  old  individuals 
can  depress  but  slightly  any  regenerative  processes  that  may  be  set  up.  On 
the  basis  of  the  general  theory,  it  might  be  supposed  that  every  mammal 
would  develop  some  form  of  malignant  growth  if  it  should  live  to  extreme 
old  age. 

F.  H.  Pike 

New  York,  N.  Y. 
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In  earlier  studies  b}^  one  of  us  (1),  (2)  it  has  been  shown  that  the 
suprarenal  glands  of  the  pigeon  undergo  a  marked  hj^pertrophy  coin- 
cident with  ovulation.  This  hypertrophy  begins  about  lOS  hours 
before  the  next  prospective  ovulation,  and  is  also  quite  coincident  with 
the  establishment  of  a  new  and  much  increased  rate  of  growth  in 
the  ovum  next  to  be  ovulated;  and  is  further  coincident  with  the 
beginning  of  a  remarkable  growth  or  hypertrophy  of  the  oviduct. 
Since  enlargement  in  these  three  distinct  organs  apparent!}^  begins  at 
the  same  time,  it  has  thus  far  proved  impossible  to  obtain  evidence 
as  to  which,  if  either,  of  these  is  primarily  responsible  for  this  series  of 
interrelated  events. 

The  fact  of  suprarenal  hypertrophy  raises  the  (juestion  whetiier  the 
hypertrophy  is  shared  by  both  the  medulla  and  cortex  and  whether  each 
or  only  one  of  these  parts  actually  acquires  increased  functional  power. 
Since  adrenalin  is  secreted  by  the  medulla,  and  an  increase  of  adrenalin 
in  the  blood  results  in  an  increase  in  the  amount  of  sugar  in  the  blood, 
it  is  possible  to  learn  from  a  study  of  the  blood  sugar  curve  whether  an 
increased  action  of  the  medulla  probably  occurs  in  connection  with  the 
enlargement  of  the  gland.  Adrenalin  is  of  course  only  one  of  the 
factors  which  determine  the  general  level  of  glucose  in  the  blood;  but 
perhaps  the  "ovulation  period"  may  provisionally  be  regarded  as  an 
"emergency"  in  Cannon's  sense,  and  thus  a  period  during  which  an 
increased  output  of  adrenalin  sustains  a  higher  level  of  sugar  in  tlie  blood. 
Whatever  may  be  the  relation  of  the  adrenalin  output  to  the  amount  of 
blood  sugar  present  during  these  recurring  periods,  it  was  thought  of 
importance  to  make  measurements  of  the  blood  sugar  during  the 
ovulation  cycle  which  is  a  cycle  accompanied  by  suprarenal  enlargeni,-nl . 
It  is  the  result  of  this  particular  study  which  is  reported  here. 
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Any  metabolic  change,  of  any  nature,  which  is  repeated  with  each 
ovulation  cycle  in  the  pigeon  is  of  much  importance  to  central  problems 
of  sex  in  addition  to  its  bearing  on  reproduction.  For  it  has  earlier 
been  shown  by  Whitman  (3)  and  Riddle  (4)  that  rapid  and  continuous 
ovulation  in  the  pigeon  results  in  a  profound  modification  of  the  sex 
ratio  (and  of  sex  itself,  according  to  Riddle),  and  ultimately  on  longevity 
and  viability  of  the  offspring.  Other  studies  by  Riddle  have  identified 
these  sex  and  developmental  changes  or  transformations  with  metabolic 
changes  in  the  ova  and  in  the  female  parent  producing  the  ova.  As  a 
result  of  the  present  study  it  becomes  clear  that  a  pigeon  forced  to 
continuous  egg-laying  is  a  bird  in  which  the  sugar  metabolism  of  the 
parent  bird  is  ahnost  continuously  disturbed  and  held  at  an  abnormal 
level.  Whether  this  disturbance  signifies  an  increase  or  a  decrease  in 
the  rate  of  the  burning  of  carbohydrate  is  a  question  essentially  un- 
touched by  this  study;  but  the  fact  that  a  change  or  modification  in  the 
carbohydrate  metabolism  occurs  is  established. 

An  account  has  elsewhere  been  given  (5)  of  one  of  three  series  of 
determinations  made  in  order  to  learn  whether  the  blood  sugar  increases 
at  ovulation  in  a  way  at  all  smilar  or  parallel  with  the  increased  weight 
of  the  suprarenal  gland.  In  the  present  paper  all  of  the  data  bearing 
on  this  subject  as  obtained  in  three  series  of  determinations  will  be 
presented.  The  only  previous  work  in  which  an  association  of  high 
blood  sugar  with  any  aspect  of  egg  production  has  been  suggested  was 
that  of  Scott  and  Kleitman  (6)  in  studies  on  the  frog's  blood.  These 
authors  concluded  that  during  the  months  of  February,  March  and 
April  the  "sugar  content  of  the  blood  of  males  is  lower  than  that  of 
females,  and  it  is  lower  in  the  females  with  poorly  developed  eggs  than 
in  those  with  well  filled  ovaries."  These  authors  further  state  that 
their  results  "indicate  that  this  condition  (value  of  the  blood  sugar) 
is  directly  related  to  the  condition  of  the  eggs."  It  will  be  seen  that 
the  present  study  definitely  relates  the  increased  sugar  values  to  their 
proximity  to  ovulation. 

Methods.  The  care  and  handling  of  the  birds.  All  birds  were  kept 
with  their  male  mates  in  well-lighted  pens  of  adequate  size  and  under 
such  other  conditions  as  have  been  demonstrated  to  permit  practically- 
continuous  egg-lajnng  throughout  the  year,  and  from  year  to  year. 
Accurate  egg-laying  records  are  kept  for  all  of  the  birds  of  tlie  whole 
collection  from  which  the  birds  used  in  this  study  were  chosen.  The 
birds  used  were  not  permitted  to  incubate  after  laying,  but  the  males 
were  sometimes  removed  at  the  time  of  one  ovulation  period  in  order  to 
prevent  the  ahnost  immediate  resumption  of  a  new  cycle  of  growth  in 
ova,  oviduct  and  suprarenals 
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The  common  pigeons  and  the  hybrids  used  were  not  particularly 
tame  birds.  Before  any  blood  samples  were  drawn  from  them  these 
birds  were  therefore  caught  and  handled  by  the  operator,  and  kept 
close  at  hand  during  a  preliminary  period  in  order  to  minimize  danger 
of  a  rise  in  blood  sugar  due  to  fright  when  samples  of  blood  sugar 
should  be  drawn.  The  ring  doves  were  quite  tame,  were  accustomed  to 
handling,  and  did  not  seem  to  require  the  above  precautions.  All  birds 
were  caught  and  brought  into  the  laboratory  where  they  were  kept  in 
verj"  small  cages  for  at  least  two  hours  before  samples  were  drawn.  Two 
samples  from  the  same  bird  were  never  drawn  at  less  than  a  two-hour 
interval,  nor  in  less  than  two  hours  after  the  last  previous  handling  of 
the  bird  for  any  purpose.  The  "scragglies"  used  are  a  mutational  form 
of  common  pigeon  which  shows  conspicuous  epidermal  anomalies, 
and  are  separately  classified  here  because  they  have  consistently  shown 
lower  values  of  blood  sugar  than  do  ordinary  common  pigeons. 

Special  methods  and  technique.  Maclean's  micro-method  was  used 
and  duplicate  determinations  were  usually  made  on  each  ovulation  stage 
studied.  For  the  few  cases  in  which  these  determinations  did  not  check 
to  within  10  mgm.,  additional  determinations  were  made  in  most  cases. 
In  order  to  obtain  twice  or  three  times  an  exactly  equivalent  ovulation 
stage  the  determmations  made  upon  a  single  bird  (series  I)  were  some- 
times carried  out  over  a  period  of  three  or  four  weeks.  Details  con- 
cerning the  time  interval  (44  hours)  between  the  ovulation  (mid- 
ovulation)  of  the  first  and  second  eggs  of  the  pair  produced  by  doves 
and  pigeons,  and  also  the  data  concerning  the  period  of  beginning  supra- 
renal hypertrophy  and  of  the  growth  of  the  ovum,  may  be  found  in  the 
preceding  paper  of  this  series  (2). 

The  samples  were  drawn  by  needle-puncture  of  the  heart.  This 
occasionally  resulted  in  the  death  of  the  bird.  \Vhile  the  samples  were 
being  drawn  the  bird  was  encased  in  a  close-fitting  cloth  jacket  made 
for  this  purpose.  Other  details  of  the  method  followed  here  are  those 
earlier  used  and  described  by  Honeywell  (7).  In  series  I  we  obtained 
data  for  three  or  four  different  periods  in  the  ovulation  cycle  upon  the 
same  individual  bird;  the  several  birds  of  the  group  therefore  supply 
data  for  a  still  larger  nmnber  of  periods  in  the  c\'cle  (see  curve).  This 
method  of  obtaining  these  particular  samples  required  of  course  that 
the  bird  be  not  killed  after  drawing  the  earlier  samples  and  here  it  was 
impossible  to  verify  an  expected  jpre-ovulation  stage  at  autopsy.  The 
autopsy  was  usualty  unnecessary  for  a  definite  fixation  of  the  mid- 
ovulation  stage  and  for  the  three  or  fom-  days  preceding  this  stage  if  a 
succeeding  ovulation  occurred  in  less  than  four  days  thereafter.  Near 
the  close  of  this  first  series  of  determinations  it  was  learned,  however, 
that   the   needle-puncture   of   the   heart   occasionally  suppresses   the 
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ovulation  of  ova  Avhich  are  very  nearl}^  ready  to  ovulate  and  causes  their 
regression  in  the  ovary.  In  other  rare  cases  the  heart-puncture,  or  the 
heart-puncture  and  associated  handling  and  treatment,  resulted  in  the 
passage  of  the  ovum  into  the  body  cavity  instead  of  into  the  oviduct. 
In  the  light  of  these  facts,  and  of  our  later  results  in  which  we  were 
able  to  exclude  all  uncertainty,  it  is  wholly  probable  that  data  for  one 
period,  as  obtained  from  one  of  the  common  pigeons  and  from  one  of  the 
"scragglics"  used  in  series  I,  were  not  properly  classified. 

Presextatiox  of  data.  The  main  results  of  the  investigation  are 
sufficiently  shown  in  a  condensed  form  in  table  2  and  on  the  curves  of 
figure  1.  A  more  detailed  presentation  of  the  results  from  series  I 
has  been  given  elsewhere  (5)  and  the  details  of  series  II  (hybrids)  are 
adequately  shown  b}^  the  curve.  Table  1  fully  presents  the  results 
from  series  III,  which  was  solely  concerned  with  the  difference  of  sugar 
values  measured  at  mid-ovulation  (i.e.,  after  the  ovulation  of  the 
"first,"  and  before  the  ovulation  of  the  "second"  egg)  and  at  another 
point  removed  from  ovulation  at  which  the  bird  was  killed  so  as  to  fix  the 
ovulation  stage  bej'ond  doubt.  The  results  obtained  from  this  series  are 
highly  consistent  and  leave  no  doubt  that  in  these  two  groups  of  birds 
blood  sugar  was  distincth'  greater  at  the  ovulation  period  than  at 
points  separated  b}'  more  than  48  hours  from  it. 

The  simamary  given  in  table  2  shows  that  in  all  of  the  four  kinds  of 
birds,  and  in  all  of  the  six  groups  of  ])ir(ls  studied,  there  is  a  greater 
amount  of  sugar  in  the  blood  at  the  period  of  ovulation — i.e.,  within  the 
interval  which  elapses  between  the  separation  of  the  two  ova  from  the 
ovary- — than  at  points  more  distant  than  36  hours  from  the  beginning 
or  end  of  that  period.  The  individual  exceptions  within  the  groups  are 
very  few  in  number,  and  are  probably  the  result  of  uncertain  identi- 
fications of  the  pei'iods.  particularly  in  series  I.  Moreover,  the  sugar 
values  obtained  for  the  six  or  seven  additional  groups  of  birds  for  wiiora 
determinations  were  made  only  at  mid-ovulation,  or  only  at  a  point 
removed  from  the  ovulation  period,  .are  in  all  cases  (considered  as 
groups)  of  a  magnitude  corresponding  to  that  of  their  respective  periods. 
The  averages  of  the  four  kinds  of  birds  studied  in  all  of  the  three  series 
are  all  in  the  same  sense.  The  mid-ovulation  stage  and  stages  more 
than  36  hours  from  ovulation  respectively,  are:  For  conunon  pigeons, 
208  and  183  mgm.  per  100  cc.  of  blood;  for  scragghes,  186  anti  160;  for 
ring  doves,  176  and  149;  for  hybrids,  213  and  171.  The  mean  values 
obtained  for  all  birds  in  all  groups  are  196  and  166.  The  mean  values 
obtained  for  32  individual  birds  whose  sugar  was  determined  in  both 
divisions  of  the  ovulation  cycle  are  194  and  167.  It  is  clear  that  all 
groups  of  birds  show  considerably  increased  blood  sugar  values  at  the 
period  of  ovulation.     Mid-ovulation  values  compared  with  values  ol)- 
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TABLE  1 
Details  of  the  blood  sugar  determinations  of  series  III 


BIBD  NUMBER 

STAGE  IN  RELATION  TO  OVULATION 
BLOOD  SUGAR  (MGM.  PER  100  CC 

AND  AMOUNT  OP 
OF  BLOOD) 

Before  or  after  ovulation  (hours^ 

Mid-ovulation 

108-49 

48-0 

period 

1 

185 

(205)* 

2 

183 

203 

3 

178 

193 

4 

178 

198 

5 

173 

198 

Common 
pigeons 

Average 

179 

199 

6 

175 

7 

183 

8 

183 

9 

195 

10 

(195) 

Average 

186 

1 

153 

198 

2 

115 

123 

(140) 

3 

170 

180 

4 

155 

(160) 

5 

153 

(150) 

6 

143 

170 

7 

163 

188 

8 

163 

180 

9 

160 

193 

10 

148 

193 

Ring  doves 

11 

163 

188 

Average 

153 

123 

176 

12 

155 

13 

190 

14 

(155) 

15 

(195) 

16 

(185) 

. 

Average 

155 

181 

*  Parentheses  enclose  single  unchecked  determinations. 


INCREASED    BLOOD    SUGAR   COINCIDENT   TO    OVULATION 


345 


tained  from  108  hours  before  and  108  hours  after  ovulation  indicate 
that  the  blood  sugar  at  ovulation  is  increased  by  rather  more  than  20 
per  cent. 

TAB^E  2 

Amounts  of  blood  sugar  obtained  within,  and  apart  from,  ovulation  periods  in  various 

kinds  of  birds 


II 


III 


Average   < 


KIND  OF  PIGEON 


Common  pigeons , 


Scragglies 


Ring  doves 


Alba-orientalis  hybrids , 


Common  pigeons 


Ring  doves 


Common  pigeons , 

Ring  doves 

Scragglies 

Generic  hybrids . 


Means,  all  birds  in  all  groups 

Means,  identical  birds,  both  stages. 


PERIOD  AS  RELATED 

TO  OVTLATION  AND 

AMOUNT  OP  sroAn 

(mom 

PER  100  CC. 

NUMBER 

OF  BLOOD 

OP  BIBD8 

TJo) 

a" 

216 

4 

185 

1 

220 

4 

186 

160 

1 

120* 

6 

172 

140 

1 

185 

2 

158* 

2 

213 

185 

3 

161 

5 

199 

179 

5 

186 

11 

176 

153 

4 

181 

1 

155 

10 

208 

(14) 

183 

22 

176 

(18) 

149 

4 

186 

(4) 

160 

2 

213 

.  (5) 

171 

38 

196 

(41) 

166 

32 

194 

(32) 

167 

*  Neither  mid-ovulation  nor  more  than  36  hours  removed  from  it;  classed  with 
neither  group  in  averages. 

The  curves  supply  the  evidence  that  there  is  a  gradual  rise  of  the 
blood  sugar  value  beginning  at  or  near  108  hom-s  before  the  ovulation 
period,  reaching  its  maximum  in  this  period,  and  again  undergoing 
gradual  decline.     In  all  these  respects  the  blood  sugar  curves  resemble 
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the  curves  for  suprarenal  hypertrophy  earher  described  by  Riddle 

(1),  (2). 

Only  in  series  I  and  II  were  data  obtained  at  intervals  permitting 
their  arrangement  in  the  form  of  (jurves.  A  curve  for  the  "scragglies" 
of  series  I  is  omitted.  It  is  a  less  regular  curve  than  those  presented,  but 
the  mid-0 vulation  value  is  higher  than  any  other  point  in  the  curve. 
The  data  for  the  "scragglies"  are  defective.  Two  of  these  birds  were 
killed  by  the  first  heart-puncture  and  only  unchecked  values  were  ob- 
tained. In  addition,  one  bird  of  this  group  probably  failed  to  ovulate 
properly  because  of  heart-puncture  in  a  way  similar  to  that  of  one 
common  pigeon  whose  effect  on  the  uppermost  curve  of  figure  1  may  next 
be  noted. 


30     io 


108 


Fig.  1.  Curves  showing  average  blood  sugar  values  obtained  from  three  kinds 
of  pigeons  during  ovulation  and  at  a  known  number  of  hours  before  or  after 
ovulation.  The  base  line  marks  off  time  in  hours.  The  ordinates  represent  milli- 
grams sugar  in  100  cc.  of  blood.  For  explanation  of  the  ends  of  the  curve  for 
common  pigeons  see  text. 

Only  three  of  the  five  common  pigeons  used  in  series  I  are  represented 
in  the  extreme  ends  of  the  curve  (108  hours  before  and  108  hours  after 
ovulation),  and  one  of  these  had  a  ver}-  high  blood  sugar  (228  mgm.) 
which  is  probably  wrongly  classified  because,  as  noted  above,  the 
correct  stage  could  not  at  the  time  be  verified  by  autopsj-.  This  bird 
was  five  days  removed  from  the  last  preceding  ovulation  when  two 
samples  were  drawn;  after  receiving  these  two  heart-punctures  she 
did  not  again  ovulate  until  another  five  days  had  passed.  We  are  thus 
forced  to  record  these  values  at  both  points  farthest  removed  from 
ovulation  though  they  probably  belong  to  a  stage  very  near  to 
ovulation — an  ovulation  suppressed  by  the  heart-punctures.  The  ex- 
treme ends  of  the  curve  for  this  group  are  probably  high  and  irregular 
for  this  reason. 
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The  curve  for  the  hybrids  {Streptopelia  albaX  Turtur  orientalis) 
is  given  added  significance  by  the  circumstance  that  31  non-reproducing 
females,  sisters  of  birds  used  for  curve  (but  with  no  ovulation  during  the 
previous  60  to  350  days,  and  therefore  not  used  in  the  present  study), 
were  found  to  give  an  average  value  of  161  mgm.  sugar;  and  from  the 
fm-ther  fact  that  the  highest  value  obtained  from  any  of  these  31 
individuals  was  205  mgm.,  though  both  of  their  sisters  examined  in  the 
mid-ovulation  stage  showed  still  higher  values. 

The  curve  for  ring  doves  includes  the  data  obtained  from  the  five  indi- 
viduals which  at  autopsy  proved  to  be  free  of  discoverable  disease 
(tuberculosis,  Ascaridia).  The  curve  is  less  smooth  when  the  diseased 
birds  are  included  but  is  otherwise  quite  similar. 

The  data  for  series  I  were  obtained  in  March;  for  series  II  in  June  to 
August;  for  series  III  in  September.  A  fourth  series  was  attempted  in 
late  September  and  in  October  but  unexpected  effects  of  the  onset  of 
cold  weather,  while  our  birds  were  unprotected  from  the  cold,  became 
apparent  and  it  was  learned  that  soon  after  the  beginning  of  cold 
weather  both  the  ovulation  and  non-ovulation  blood  sugar  values  are 
definitely  decreased.  This  effect  of  cold  was  therefore  further  studied, 
and  all  results  obtained  at  that  period,  including  partial  data  for  a 
fourth  series  of  determinations  on  the  present  subject,  are  being  pro- 
pared  for  publication. 

All  of  the  birds  used  in  this  study  were  killed  after,  but  not  in  all 
cases  immediately  after,  the  last  blood  samples  were  drawn,  and  the 
weights  of  their  suprarenals  obtained.  The  notable  disturbing  effects 
of  disease  on  suprarenal  size,  and  our  failure  to  find  time  to  kill  several 
of  the  bu'ds  immediately  after  taking  the  last  blood  sample,  serve  to 
complicate  the  data  obtained  in  our  attempt  to  examine  this  question. 
Similar  attempts  to  learn  whether  the  thyroids  of  the  bird  undergo 
size-fluctuations  coincident  with  this  sustained  rise  in  the  blood  sugar 
curve,  and  whether  a  relation  exists  between  thyroid  size  and  the 
non-ovulation  blood  sugar  values  of  clifferent  l)irds  of  the  same  kind, 
have  also  proved  too  complicated  for  present  action  here. 

SUMMARY 

Each  ovulation  period  in  the  pigeon  is  accompanied  by  an  increase  of 
approximately  20  per  cent  in  the  amount  of  sugar  in  the  blood. 

The  sugar  content  of  the  blood  begins  to  increase  at  about  108  hours 
preceding  the  ovulation  of  the  first  egg;  it  is  then  maintained  at  the 
highest  level  until  the  second  ovulation  44  hours  later;  following  this 
period  it  probably  gradually  declines  to  the  normal  non-ovulation  level 
in  an  additional  108  hours— unless  new  ova  meanwhile  begin  their 
final  period  of  rapid  growth  and  a  new  ovulation  cycle  is  begun. 
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The  curve  which  thus  describes  blood  sugar  vahies  as  related  to  ovula- 
tion is  essentially  similar  to  the  curve  for  suprarenal  hypertrophy  at 
ovulation  earlier  described  by  Riddle. 

The  above  results  apply  to  various  species  of  doves,  pigeons  and 
their  hybrids. 

Female  pigeons  forced  to  rapid  and  continuous  ovulation  throughout 
the  year  are  thus  forced  to  an  almost  continuous  maintenance  of  their 
bodily  functions — and  to  the  production  of  their  eggs — under  altered 
and  unusual  conditions  as  regards  their  carbohydrate  metabolism. 
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AN  ARTIFICIAL  RESPIRATION  AND  ETHP:R  APPARATUS  FOR   USE 

WITH  COMPRESSED  AIR* 


By  H.  F.  Pierce,  A.B.,  B.Sc,  (Oxon),  New  York,  N.  Y. 


WHEN  comi)i'c.s.sc(l  air  is  einployed  for  the  administration  of  artificial 
respiration  tlie  flow  of  air  must  be  interrupted  a  certain  number  of 
times  per  minute  iu  order  to  simulate  breathing.  This  is  usually  accom- 
plished by  means  of  automatic  valves  such  as  have  been  described  by  W.  T. 
Porter,  W.  B.  Cannon,  and  othei-s.  These  devices,  while  satisfactory  for 
research,    present    certain    disadvantages    when    numbers    are    required    for 


Fig-.    1. 

student  courses.  For  example,  the  electric  motor  driven  interrupter  is  rather 
expensive,  and  the  tip-bucket  valve  requires  running  water  to  operate  it  and 
a  sink  to  carry  away  the  waste. 

In  the  apparatus  here  described,  pt)'\ver  for  operating  the  interrupter 
valve  is  derived  from  the  compressed  air,  acting  through  the  agency  of  a 
reciprocating  air  motor  similar  to  those  used  in  automobile  windshield  wipers. 

♦From  the  Departniont  of  Phy.siology,   Columbia   I'nivi  isii  \ .   X'  w   "\",ii  k  City. 
Received   for  publication,  August  11,   1923. 


Referring  to  the  accompanying  photograph,  (Fig.  1),  compressed  air 
from  the  mains  enters  the  apparatus  at  H.  A  part  of  the  stream  is  shunted 
through  the  small  vertical  tube  to  the  motor,  which  is  seen  in  the  background 
at  the  left.  Another  part  passes  through  the  needle  valve  B,  the  interrupter 
<;ock  C,  and  the  ether  apparatus,  to  the  animal. 

The  speed  of  the  motor,  and  hence  the  number  of  respirations  per  minute, 
is  controlled  by  the  small  knurled  screw  A.  The  amount  of  air  passing  to  the 
animal  is  regulated  by  the  needle  valve  B.  By  loosening  the  set  screw  S  and 
rotating  the  sleeve  on  the  motor  shaft,  the  period  of  the  inspiratory  phase 
may  be  lengthened  or  shorteued.  By  stopping  the  motor  during  the  inspira- 
tory phase  of  the  cycle  a  steady  stream  of  air  may  be  obtained  for  tracheal 
insufflation. 


fr=^ 


ETHER. 


Fig. 


The  ether  valve  (Fig.  2)  consists  of  a  4-way  steamcock,  altered  by  filing 
away  the  plug  so  as  to  leave  only  a  thin  ward  of  metal,  1  millimeter  thick 
at  the  edges.  When  the  pointer  is  placed  at  "A"  on  the  scale  D,  air  from  the 
artificial  respiration  apparatus  passes  in  at  the  top  of  the  valve  and  out 
through  0  by  the  most  direct  route.  In  this  position  both  openings  into  tlie 
ether  bottle  are  tightly  closed,  and  the  bottle  may  be  inverted  without  danger 
of  spilling  the  ether.  When  the  pointer  is  placed  at  "E"  on  the  scale,  tlie 
air  entering  at  the  top  of  the  valve  passes  into  the  ether  bottle,  over  the 
surface  of  the  ether,  back  through  the  valve,  antl  out  at  0.  By  placing  the 
pointer  at  intermediate  positions  between  "A"  and  ''E",  various  mixtures 
of  air  and  ether  vapor  may  be  obtained.  The  drawing  shows  diagrammati- 
cally  the  path  taken  by  the  air  in  passing  through  the  ether  valve.  The  plug 
is  shown  in  heavy  lines  in  the  position  it  occupies  when  the  pointer  is  at 
"A"  on  the  scale.     The  light  lines  show  its  position  when  the  i)()inter  is  at 

In  Fig.  1  it  will  be  noted  that  the  ether  valve  is  connected  to  the 
respiration  apparatus  by  means  of  a  short  rubber  tube.     This  tube  may  be 


easily  removed  when  artificial  respiration  is  not  required  and  the  ether  bot- 
tle then  used  in  the  ordinary  way.  The  bottle  may  be  replenished  with  ether 
Avhile  the  apparatus  is  in  use  by  removing  the  milled  cap  E. 

A  word  about  the  motor*  may  be  of  interest  to  laboratory  workers.  It 
consists  of  a  cylindrical  casing  in  which  two  pistons  reciprocate  under  con- 
trol of  mechanically  actuated  valves.  Power  is  transmitted  by  means  of  a 
rack  and  pinion  to  the  shaft,  which  rotates  through  an  angle  of  approximate- 
ly 120  degrees  and  then  reverses.  There  are  a  number  of  air  motors  on  the 
market,  and  the  one  used  in  this  apparatus  was  selected  because  of  its  ex- 
cellent mechanical  features  and  sound  construction.  Two  types  are  avail- 
able, operating  respectively  on  comi)ressed  air  and  on  suction.  The  first 
type  is  used  in  the  apparatus  here  described.  It  works  satisfactorily  on 
pressures  as  low  as  2  pounds  per  square  inch. 

The  suction  type  of  motor  operates  on  the  vacuum  obtained  from  an 
ordinary  water  aspirator,  and  may  be  used  as  a  source  of  power  for  rocking 
photographic  trays,  operating  gas  analysis  apparatus,  shaking  Clark  H  ion 
electrodes,  etc. 

In  this  laboratory  air  is  supplied  to  the  machines  under  a  pressure  of 
5  pounds  per  square  inch.  In  an  emergency  the  apparatus  may  be  connected 
through  a  reduction  valve  to  an  oxygen  cylinder,  in  which  case  oxygen  and 
artificial  respiration  may  be  administered  at  the  same  time. 

Eight  of  these  machines  have  been  in  constant  use  in  the  hands  of  first 
year  medical  students  during  a  period  of  four  months,  and  no  repairs  or  ad- 
justments have  yet  been  necessaiw. 


*Manufactured  by  the   Folberth   Auto   Specialty  Co.,   Cleveland,   Ohio. 

The    complete    apparatu?,    as    described,    is    supplied    by    Joseph    Becker     437    "VVc«t    .=;<>th 
Street,   New   York   C'ty. 


Reprinied  from   the  Pkoceedincs  of  the  Society  for  Experimental  Biology  and  Medicine. 
1923,    IX,    pp.   254-256. 
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A  criticism  and  modification  of  the  MacLean  blood  sugar  method. 
By  .A.  BAIRD  HASTINGS  and  ALEITA  HOPPING. 

[From  the  Department  of  Physiology,  Columbia  University,  New 

York  City.] 

The  titrimetric  method  for  the  determination  of  blood  sugar 
proposed  by  Maclean^  in  1919  has  been  used  with  success  in 
a  number  of  researches  both  abroad  and  in  this  country.  Its 
simplicity,  accuracy  and  the  small  amount  of  blood  required 
recommend  it  to  those  who  prefer  titrimetric  to  colorimetric 
quantitative  determinations.  Briefly,  the  principle  of  the  Mac- 
Lean  method  is : 

1.  Removal  of  the  proteins  by  heating  oxalated  blood  with 
acidified  sodium  sulphate,  adding  colloidal  iron,  and  filtering. 

2.  Boiling,  under  standardized  conditions,  an  aliquot  part  of 
the  filtrate  with  a  known  amount  of  an  alkaline  copper  solu- 
tion containing  potassium  iodide' and  potassium  iodate. 

3.  Titration  of  the  iodine  liberated  upon  acidification  with 
standard  thiosulphate. 

Since,  under  the  conditions  defined  by  MacLean,  the  cuprous 
salt  reduced  by  the  sugar  is  oxidized  by  the  iodine  liberated,  the 
excess  iodine  titrated  with  thiosulphate  is  inversely  proportional 
to  the  amount  of  reduction.  Empirical  factors  can,  therefore,  be 
determined  converting  the  volume  of  thiosulphate  used  into  con- 
centration of  glucose. 


1  MacLean,  H.,  Biochem.  J.,  1919,  xiii,  135. 


2  Scientific  Proceedings  (129) 

It  was  found,  however,  that  by  IMacLean's  method  the  deter- 
minations of  sugar  in  freshly  drawn  blood  to  which  no  anti- 
coagulant had  been  added  gave  values  distinctly  higher  than 
those  determined  on  the  same  blood  which  had  been  oxalated, 
(Table  I). 

TABLE  I. 
Sugar  determiuations  of  blood  to  which  K2C2O4  had  been  added  and  had  not 

been  added. 


Dog. 

Concentration  of  sugar  in  mgs.  per  100  c.c.  of  blood. 

Method. 

K2C2O4  present. 

K2C2O4  not  present. 

a 

b 

Average 

103 
92 

a 

89 
.55 

b 

88 
55 

Average 

Original 

MacLean 

A 
B 

105 
91 

100 
92 

89 
55 

Modified 

MacLean 

C 
D 

90 
93 

85 
90 

95 

90 
93 

85 
93 

88 
93 

This  fact  led  to  a  comparison  of  sugar  determinations  made  on 
pure  glucose  solutions  with  and  without  the  addition  of  oxalate, 
with  and  without  the  use  of  colloidal  iron.  The  amount  of  oxa- 
late required  to  prevent  coagulation  was  about  2  mg.  per  c.c. 
It  was  found  that  the  presence  of  the  oxalate  resulted  in  too 
low  sugar  values,  i.e.,  too  much  thiosulphate  was  used  in  the 
titration,  only  in  case  colloidal  iron  was  used.  Experiments  in 
which  the  amount  of  colloidal  iron  was  progressively  increased 
from  0  to  3  c.c.  showed  that  increasing  amounts  of  thiosulphate 
were  required  for  titration.  Direct  determinations  of  the  iron 
in  the  filtrate  indicated  that  the  reaction  involved  was  between 
the  thiosulphate  and  the  ferric  salts.  It  seemed,  therefore,  that 
the  choice  of  colloidal  iron  as  a  protein  precipitant  was  an  un- 
fortunate one;  although,  under  the  carefully  standardized  con- 
ditions described  by  MacLean,  it  led  to  no  inaccuracy  of  results, 
providing  oxalate  was  not  used  as  an  anticoagulant. 

By  using  phosphotungstic  acid  as  our  protein  precipitant  we 
were  able  to  obtain  results  which  agreed  whether  the  blood 
was  oxalated  or  not,  and  which  were  comparable  with  those 
obtained  by  the  Folin  method. 

The  procedure  now  adopted  for  the  precipitation  of  the  blood 
proteins  is  as  follows : 

1  c.c.  of  oxalated  blood  is  added  to  26  c.c.  of  distilled  water 
in  an  Erlenmeyer  flask  or  50  c.c.  centrifuge  tube.     Five  minutes 
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are  allowed  for  laking  the  blood.  2  c.c.  of  a  10  per  cent,  solu- 
tion of  phosphotungstic  acid  and  1  c.c.  of  1  per  cent,  acetic  acid 
are  added.  The  flask  or  tube  is  then  vigorously  shaken.  In 
the  case  of  pigeon's  blood,  where  precipitation  is  difficult,  it  is 
necessary  to  gently  heat  the  mixture  after  the  addition  of  phos- 
photungstic acid  to  complete  the  action.  The  protein  precipi- 
tate may  then  be  separated  by  filtration  or  preferably  centri- 
fugation.  20  c.c.  of  the  water-clear  filtrate  are  transferred  to 
an  Erlenmeyer  flask,  and  the  determination  continued  as  rec- 
ommended by  MacLean. 

The  elimination  of  sodium  sulphate  from  the  solution  re- 
sults in  the  reduction  taking  place  at  a  lower  temperature. 
This  necessitates  the  construction  of  a  new  table  to  take  the 
place  of  the  one  published  by  MacLean  for  the  conversion  of 
c.c.  of  thiosulphate  into  mgs.  of  glucose  per  100  c.c.  of  blood. 
These  equivalents  are  given  in  Table  II. 

The  method  as  now  modified  has  been  successfully  applied 
to  human,  dog,  ox,  rabbit,  guinea  pig  and  pigeon  blood. 

TABLE  II. 
Table  for  the  conversion  of  c.c.  of  N/'lOO  Na2S203  into  mg.  of  glucose  per  c.c. 


O.OIN  Na 

0S2O3 

Glucose 
mg.  per  c.c. 

O.OIN  Na 

2S2O3 

Glucose 
mg.  per  c.c. 

c.c. 

c.c 

0.50 

0.25 

4.0 

1.19 

1.0 

0.39 

4.5 

1.33 

1.5 

0.52 

5.0 

1.46 

2.0 

0.66 

5.5 

1.59 

2.5 

0.79 

6.0 

1.73 

3.0 

0.92 

6.5 

1.76 

3.5 

1.06 

7.0 

2.00 

Reprinlcd   from   the   Pkoceedlngs  of  the   Socmetv   koh   Experime.ntal   Bioloov   A^D   MrDiciM. 
1923.    XX.    pp.    2t8-252. 
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The  action  of  iletin  (insulin)  on  the  blood  sugar  of  pigeons. 

By  HANNAH  ELIZABETH  HONEYWELL  and  OSCAR  RIDDLE. 

[Frotn  ike  Departinent  of  Phij.-uulofiij,  Colnmbiu  Universitif,  New 
York  City,  and  the  Carnegie  Station  for  Experimental  Evolu- 
tion, Cold  Sjjring  Ilarhor,  N.  Y.] 

The  recent  preparation  of  relatively  pure  and  standardized 
extracts  of  the  sugar  reducing  principle  of  the  ])ancreas  has 
been  accompanied  by  measurements  of  the  time  and  extent  of  the 
hypoglycemia  resulting  from  its  administration  to  the  rabbit  and 
to  man.'-  -  These  earlier  studies  already  permit  the  employ- 
ment of  such  extracts  with  confidence  in  their  power  temporarily 
to  reduce  the  blood  sugar  level  in  the  higher  animals.  We  present 
here  the  result  of  120  sugar  determinations  made  after  sub- 
cutaneous injection  of  the  extract  into  35  pigeons  of  two  species 
and  of  a  third  (ataxic)  variety.  It  was  usually  considered  un- 
necessary to  make  determinations  of  the  sugar  before  injection 
since  the  birds  were  handled  in  groups  and  the  group  averages 
are  known  from  extensive  earlier  work.  These  normal  averages 
are:  185  mgms.  per  100  c.c.  blood  (or  .185  per  cent.)  for  com- 
mon pigeons';  161  for  ataxics:  150  for  ring  doves  (unpub- 
lished data). 

In  a  paper'   accompanying  thi,'-  couimunicalion   a   pancreatic 

1  Banting,  Best,  Collip,  Macleod  and  Noble,  Avicr.  Jour.  Phj/sioL,   1922 
Ixii,  163. 

2  Sutter  and  ilurliu,  Proc.  Soc.  Exi'.  Bioh.  and  MiiD.,  1922,  .\x,  OS. 

3  Scott  and  Houe.ywell,  Amcr.  Jour.  Pln/siol,  1921,  Iv,  .363. 

4  Riddle,  Proc.  Soc.  Exr.  Biol,,  and  Mi:d..  1923,  xx,  .1. 


2  Scientific  Proceedings  (129) 

extract  of  the  standardized  type  (iletin:  or  insulin.  Lilly)  was 
used  continuously  over  a  prolonged  period  in  a  test  of  its  capacity 
to  suppress  ovulations  in  the  pig-eon.  Large  doses  were  also  used 
to  test  the  resistance  of  the  bird  to  the  extract.  At  the  close 
of  that  study  the  same  group  of  birds  and  the  same  pancreatic 
extracts  were  used  for  the  purposes  of  the  present  study.  One- 
half  of  the  blood  samples  were  obtained  by  needle-puncture  of 
the  heart  and  the  other  half  by  light  bleeding  from  the  upper 
beak.  MacLean's  micro-method  of  sugar  determination  was 
used.  Very  few  duplicate  determinations  were  made.  Further 
data  concerning  the  extracts  and  dosages  are  given  in  the  ac- 
companying paper. 

The  curves  of  Figure  1  show  the  chief  results  obtained  on 
ring-doves.  In  these  very  tame  birds  one  can  obtain  samples 
probably  unaffected  by  emotional  glycemia  resulting  from  hand- 
ling or  sampling  at  one-hour  intervals.  This  is  not  equally  pos- 
sible with  common  pigeons  and  the  extent  of  the  fall  of  the 
sugar  value  at  one  hour  after  injection  was  not  there  measured 
(Figure  2).  But  comparison  of  the  curves  of  the  two  groups 
clearly  suggests  that  the  maximum  effect,  of  the  lighter  dosage 
at  least,  is  reached  in  less  than  two  hours  in  the  common  pigeon 
as  is  proved  to  be  the  case  in  the  ring  dove;  probably  this 
limit  is  attained  within  one  hour. 


FIGURE   1 
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It  is  notalile  that  in  neither  of  the  two  ji;roups  of  common 
pigeons  given  light  dosage  did  the  sugar  return  to  a  normal 
value  at  the  end  of  four  hours  as  it  clearly  did  in  the  ring  doves; 
nor  was  it  at  the  apparent  normal  level  after  22  hours,  hut  our 
failure  to  obtain  the  normal  for  these  particular  birds  before 
injection  leaves  the  point  uncertain.  It  is  clear,  however,  that 
in  the  group  of  10  ring  doves  (Figure  1)  which  at  the  time  of 
sampling  and  during  preceding  weeks  was  iDcing  injected  twice 
daily  (9:00  A.  I\I. ;  7:00  P.  IL)  the  blood  sugar  was  again 
normal  after  four  hours  and  probaljly  above  normal  after  six 
hours.  Our  samples  from  this  group  were  drawn  after  the 
morning  injection  so  that  the  last  previous  dosage  was  thus 
14  hours  removed.  That  such  previous  injection  did  not  affect 
the  sugar  values  as  obtained  under  this  lighter  dosage  is  in- 
dicated by  the  curve  itself.  This  point  is  further  checked  by 
results  from  the  group  of  3  birds  given  only  a  single  injection 
and  w^hose  sugar  tested  normal  or  above  normal  at  16  hours. 
This  group  of  three  ring  doves,  each  injected  with  one-sixth 
unit  of  a  very  fresh  and  somewhat  more  potent  extract  (Lot  2) 
than  that  given  to  the  group  of  10  ring  doves,  gave  lower 
values  after  one  hour  (62  mgms.)  than  did  eight  birds  (82) 
of  the  other  group  which  were  injected  with  Lot  1. 

Four  ring  doves  given  10  to  30  times  the  "lethal"  dose  for  the 
rabbit  (Lot  2  used)  lowered  the  sugar  value  (55)  at  two  hours 
much  more  than  did  the  smaller  (lethal  XI)  dosage  (97). 
Moreover,  with  the  heavy  dosage  the  sugar  remained  low  (55) 
at  four  and  at  six  hours.  After  21  hours  the  curve  indicates 
(148)  a  return  to  normal  value  (150) ;  but  the  figures  obtained 
from  the  individual  birds  show  that  neither  of  the  seven  birds 
for  which  data  for  this  19-21  hour  period  are  available  was  even 
approximately  normal;  the  figures  obtained  were:  25,  45,  95, 
110,  230,  235,  240  mgms.  per  100  c.c.  of  blood.  The  four 
lower  values  were  obtained  from  birds  given  the  highest  tlosage 
— 30  times  lethal;  the  three  higher  values  were  from  birds  given 
10  (2  cases)  or  20  times  the  lethal  dose.  The  sugar  was  not 
determined  at  the  one-hour  period  in  these  heavily  dosed  birds. 
The  low  values  (20  and  30  mgms.)  shown  by  two  birds  at  the 
two-hour  interval,  and  the  wide  difference  between  the  values 
obtained  from  low  and  high  dosage  at  the  two-hour  interval,  to- 
gether with  the  demonstrated  lower  level  at  one  hour  than  at 


4  Scientific  Proceedings  (129) 

two,  where  both  were  measured  strongly  suggest  that  extremely 
low  sugar  values  obtain  at  this  one-hour  period  under  high 
dosage.  At  this  particular  period,  however,  the  heavily  dosed 
bird  shows  few  or  no  wide  departures  from  the  normal  in  ap- 
pearance or  behavior.  Only  one  of  this  group  of  birds  died 
(after  28-34  hours) ;  its  sugar  value  after  21  hours  was  25 
mgnis.  Nearly  all  of  our  data  from  ring  doves  indicate  that 
heavy  insulin  dosage  causes  a  very  rapid  and  nearly  complete 
depletion  of  the  blood  sugar — to  a  point  not  higher  than  one- 
sixth  its  normal  value :  that  this  is  usually  followed  by  a  some- 

FIGURE  2 
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what  slower  and  less  complete  rise;  and  that  the  short  period 
of  nearly  complete  absence  of  sugar  is  a  period  of  little  danger 
to  the  life  of  the  bird. 

The  upper  and  lower  curves  of  Figure  2  give  for  normal 
common  pigeons  the  sugar  measurements  obtained  from  low 
and  high  dosage  respectively.  The  much  lower  values  from  and 
the  prolonged  effect  of  the  heavy  dosage  are  apparent ;  they  are 
also  quite  similar  to  the  differences  obtained  with  ring  doves. 
The  five  ataxic  pigeons  figured  on  the  middle  curve  were  earlier 
known  to  have  lower  sugar  values  than  normal  pigeons.  Thev 
maintained  this  lower  level  when  under  equivalent  dosage.  AJl 
these  birds  had  a  body  weight  of  about  one-third  kilogram  and 
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received  therefore  in  the  '"lethal  X  1"  dosage  about  onc-thinl 
unit  of  iletin.  In  the  ''10  to  30  X  I'.'thal"  dosaj^e  they  received 
3  to  10.5  units  of  iletin.  Besides  liaving  a  lower  body  wei^dit 
which  results  in  a  saving  of  injected  material  the  ring  doves 
ofifer  several  advantages  over  the  more  commonly  used  pigeon 
for  laboratory  studies  involving  the  determination  of  blood 
sugar. 

The  blood  sugar  was  measured  in  a  few  instances  at  intervals 
longer  than  24  hours  after  injections.  For  five  of  these  birds 
the  sugar  was  not  measured  soon  after  injection  and  are  there- 
fore not  represented  on  the  curves  noted  above.  Three  ring 
doves  at  34,  35  and  36  days  after  injection  with  1  unit  (6  X 
lethal)  gave  normal  average  values  of  143,  145  and  155  for 
these  three  days;  one  dove  given  4.5  units  showed  a  normal 
value  (155)  at  48  hours,  but  less  (110)  at  74  hours.  One 
common  pigeon  (18  X  lethal)  gave  values  of  165  after  48 
hours  and  of  only  70  after  74  hours;  this  bird  showed  only 
15  mgms.  sugar  after  two  hours  and  survived  the  treatment. 
Another  common  pigeon  given  3.4  units  (10  X  lethal)  gave 
a  normal  value  (185)  at  32  hours  and  less  than  onedialf  nor- 
mal (70)  at  58  hours.  Some  of  these  heavily  dosed  birds  whose 
sugars  were  low  at  advanced  periods  had  probably  taken  no  food 
during  a  considerable  preceding  interval.. 

The  fact  that  many  of  the  ring  doves  and  common  pigeons 
given  heavy  dosage  of  insulin  were  not  permitted  to  take  food 
during  about  20  hours  preceding  dosage,  and  that  sugar  samples 
representing  values  recorded  in  the  curves  were  taken  as  nnicli 
as  22  hours  after  injection,  raises  a  question  as  to  the  l)earing 
of  this  circumstance  upon  the  sugar  values  obtained.  Concern- 
ing this  point  it  is  noted  that  earlier  studies"'  have  indicated  that 
inanition  during  48  hours  is  practically  without  effect  on  the 
normal  blood  sugar  of  the  pigeon.  Only  7  of  the  30  birds 
included  in  the  curves  presented  (10-30  x  lethal)  were  in  any 
way  restricted  in  their  feeding  either  before  or  after  injection  of 
the  extracts. 


«■>  Honeywell,  Amer.  Joiir.  of  Phi/sioh,  1021,  Iviii,  lo'2. 
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In  earlier  studies  (1),  (2)  we  have  shown  that  the  Ijlood  sugar  of  doves 
and  pigeons  markedly  increases  in  close  coincidence  with  each  ovulation 
period.  In  the  two  next  following  studies  of  this  series  of  papers  (3),  (4)' 
we  have  demonstrated  two  additional  factors  which  involve  the  blood  sugar 
level  on  the  one  hand  and  reproduction  on  the  other.  In  still  another  study 
(5)  observations  were  made  on  the  behavior  of  blood  sugar  values  in 
heredity.  In  connection  with  our  examination  of  these  several  relation- 
ships of  blood  sugar  to  reproduction  and  to  inheritance  it  was  found  ad- 
visable— since  absolutely  homogeneous  material  for  such  studies  can  not 
be  obtained— to  undertake  a  wider  survey  of  the  relation  of  age,  sex  and 
certain  frequently  occurring  diseases  of  pigeons  to  the  blood  sugar  values 
shown  by  them;  and  with  these  data  available  to  learn  as  definitely  as 
possible  the  normal  blood  sugar  concentration  of  a  number  of  races,  species 
and  genera  of  pigeons.    It  is  the  result  of  this  survey  that  is  presented  here. 

Though  it  was  not  the  main  purpose  of  this  study  to  throw  light  upon 
current  questions  concerning  the  mobilization  and  metabolism  of  sugar  in 
the  organism  we  think  that  some  of  the  results  bear  upon  these  problenl^^. 
since  many  new  data  are  supplied  for  a  group  of  species  thoroughly 
adjusted  to  a  high  carbohydrate  diet. 

We  may  properly  urge  that  the  measurements  presented  are  free,  or 
practically  free,  from  some  errors  which  are  probably  included  in  nuich 
earlier  work  designed  to  detemiine  the  "normal"  concentration  of  blood 
sugar  in  various  animal  species;  for,  besides  care  to  avoid  previously 
recognized  sources  of  error  or  irregularity,  three  hitherto  unr<>cognized 
factors  which  modify  the  blood  sugar  have  here  for  the  first  time  been 
consciously  recognized  and  eliminated.  These  factors  are:  proximity  to 
ovulation;  close  confinement  or  inactivity,  and  the  onset  of  cold  weather. 
The  present  results  also  offer  the  unusual  opportunity  of  a  comparison  of 
blood  sugar  values  obtained  from  seven  genera  belonging  to  a  single  ordcM- 
of  animals,  and  of  measurements  extending  from  the  embryonic  period  to 
old  age  within  single  species. 
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^Methods  and  materials.  ]Maclean's  micro-method  of  sugar  esti- 
mation has  been  used  throughout  this  study.  The  technique  employed  in 
obtaining  blood  samples  from  the  heart  of  adult  birds  has  been  earher 
described  (2),  (6).  Samples  from  embry^os  were  obtained  bj'  decapitation 
and  collection  of  the  blood  in  pits  cut  into  paraffin  blocks.  In  this  collection 
care  was  taken  to  include  in  the  samples  as  little  as  possible  of  the  clear 
serum  which  appears  on  the  freshly  cut  surface  of  the  musculature  of  the 
neck.  From  young  birds  aged  21  days  (one  week  after  hatching)  to  3 
months  the  samples  were  drawn  from  a  wing  vein.  Though  samples  from 
adults  were  drawn  bj^  three  different  methods  (needle-puncture  of  the 
heart;  from  the  wing  vein;  and  by  cutting  the  upper  beak  and  allowing 
the  blood  to  drop  into  cold  paraffin  cups)  we  have  observed  no  consistent 
difference  of  sugar  content  in  blood  obtained  by  these  different  methods. 
Onty  very  small  amounts  of  blood  were  taken  (0.5  to  2.0  cc.  unless 
unknown  hemorrhage  into  pericardium  occurred  in  cases  of  heart-puncture) 
and  second  or  third  samples  were  taken  onl}^  at  long  intervals.  We 
have  found  the  wing  vein  the  most  practicable  and  accessible  source 
of  the  blood.  The  feathers  near  the  humeral-radial  joint  are  drawn,  the 
skin  sponged  and  dried,  the  vein  punctured  with  a  large  curved  needle, 
and  the  blood  allowed  to  collect  in  the  pit  formed  bj'  skin  anterior  to  the 
joint. 

The  precautions  taken  to  avoid  emotional  glycemia  are  recorded  else- 
where (2) .  These  include  the  very  rapid  collection  (in  less  than  one  minute) 
of  the  sample  after  taking  the  bird  in  hand  for  this  purpose.  Speed  was 
particular^  sought  in  the  case  of  birds  unaccustomed  to  handling;  and  in 
three  typical  cases  the  actual  time  consumed  in  obtaining  samples  was 
25,  28  and  42  seconds. 

Until  caught  and  removed  to  small  cages  for  a  period  of  quiet  and 
recovery  from  fright,  all  adult  birds  were  permitted  to  feed  freely  upon 
their  usual  mixed  grain  ration,  since  Honeywell  (6)  has  previously  shown 
that  the  blood  sugar  of  adult  pigeons  is  apparently  but  little  affected 
by  fasting  during  as  much  as  48  hours;  and  further  because  we  found  a  19- 
to  20-hour  fasting  period  to  have  no  measurable  effect  on  4  common  pigeons 
(179  mgm.),  while  from  4  ring  doves  values  higher  than  normal  were 
found  (168  mgm.).  Since  we  have  found  no  evidence  of  an  alimentary 
gh'cemia  in  adult  pigeons  we  here  record  the  ration  regularly  fed  to  them 
and  kept  always  before  them:  for  common  pigeons  (and  the  two  derived 
varieties) :  wheat,  Kaffir  corn,  hemp,  cracked  maize,  charcoal,  grit,  oj'ster 
shell,  cuttle-fish  bone  and  rock  salt ;  for  all  other  doves :  the  above  ration 
to  which  millet  and  canarj'-  seed  are  added. 

Though  the  birds  usually  had  food  in  their  crops,  none  was  fed  during 
the  period  of  2  to  5  hours  immediately  preceding  the  drawing  of  the  blood 
samples;  during  this  period,  as  noted  elsewhere,  the  birds  were  trans- 
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f erred  from  their  usual  cages,  convenient I3'  placed  in  very  small  cages  for  a 
later  blood  sampling,  and  permitted  to  recover  from  the  fright  incident  to 
being  caught  and  transferred.  For  3'oung  birds  being  fed  partialh-  digested 
food  by  their  parents  an  interval  of  fasting  is  required  before  the  nonnal 
value  for  the  adult  is  obtained.  Table  2  gives  all  our  data  on  this  point. 
We  have  collected  most  of  the  blood  samples  between  11:00  a.m.  and 
6:00  p.m.,  but  some  samples  were  collected  at  earlier  and  slightty  later 
hours. 

The  nature  of  the  hybrids  used  (table  4)  has  been  fully  dcscril^ed  else- 
where (5),  and  the  common  pigeons  and  ring  doves  used  have  also  been 
sufficiently  described  in  the  preceding  paper  of  this  series  (2).  The 
"ataxic"  and  "scraggly"  pigeons  are  mutational  varieties  derived  from 
common  pigeons.  Their  characteristic  defects  probably  make  them  less 
active  as  adults  than  are  the  common  pigeons  from  which  they  arose; 
the  feathers  of  the  "scragglies"  do  not  conserve  the  bodj'  heat  of  the  ani- 
mal to  the  usual  or  normal  extent.  Neither  ataxia  nor  scraggliness  is  recog- 
nizable in  the  embryo,  but  embryos  classified  as  scragglies  are  from  matings 
which  should  yield  such  embrj'os  ahnost  exclusively.  The  individuals  of 
the  wild  species  of  pigeons  used  (table  4)  in  this  studj'-  were  reared  in 
captivity  from  imported  birds.  To  this  there  are  but  two  exceptions.  The 
Spilopelia  suratensis  was  imported,  but  in  captivity  during  3  years,  and  the 
Leucosarcia  picata  during  15  years.  The  exact  age  of  all  the  other  415 
birds  used  for  the  present  study  is  known.  For  these  birds  a  total  of  709 
sugar  determinations  is  tabulated. 

In  most  cases  the  birds  were  killed  immediately  after  or  soon  after 
obtaining  the  last  blood  samples  in  order  to  learn  whether  they  were 
healthy  or  diseased.  Some  of  the  birds  used  were,  however,  too  valuable  to 
kill,  and  this  makes  it  impossible  to  classify  a  few  of  the  (younger)  groups  by 
sex.  All  cases  of  intestinal  womis  (Ascaridia  maculosa,  Rudolphi)  could 
of  course  be  positively  identified;  while  tuberculosis  other  than  the  earliest 
stages  could  usually  be  definitely  identified  by  macroscopic  observation 
at  necropsy.  Birds  bearing  both  tuberculosis  and  round  worms  are  classi- 
fied in  the  tables  as  tuberculous.  Excepting  the  7  tuberculous  common 
pigeons  of  table  1,  none  of  the  birds  used  was  known  to  be  diseased  at  the 
time  of  drawing  the  blood  samples.  Nearly  all  other  adult  birds  were  not 
only  sexually  mature  but  gave  evidence  of  freedom  from  advancctl  disease 
by  continued  reproduction. 

Three  of  the  24  Turtur  oHcntalis  taken  for  study  (taljle  3)  and  killed 
for  examination  proved  to  be  partial  hermaphrodites— minute  testes  with 
left  oviducts.  One  of  the  hybrids  of  table  4  had  no  trace  of  gonads  or  of 
sexual  ducts;  it  is  classified  as  a  male  (slightly  tubercular).  It  gave  a  blood 
sugar  value  of  150  mgm.  per  100  cc.  of  blood. 


320  OSCAR   RIDDLE    AND    HANNAH    ELIZABETH    HONEYWELL 

Practically  all  adult  birds  had  been  allowed  to  develop  to  maturit}'-  in 
a  large  indoor-outdoor  flying  space ;  the  common  pigeons  in  a  space  approxi- 
mately 25  X  15  X  10  feet,  the  smaller  ring  doves  in  spaces  approximately 
15  X  5  X7  feet.  After  maturity,  and  to  the  time  of  taking  the  samples, 
nearly  all  the  adults  birds  were  paired  and  kept  in  wire  cages  7X2X6 
feet;  these  were  quite  open  to  the  sunshine  and  to  fresh  air  except  during 
cold  weather  when  the  sides  of  the  cages  were  inclosed  in  glass  and  heat 
was  supplied.    But  no  data  for  winter  conditions  are  given  here. 

All  of  these  sugar  deteiTninations  were  made  between  March  18  and 
October  15.  Nearly  all  were  made  between  April  28  and  September  15. 
The  sugar  values  which  we  call  "nonnal"  are  therefore  obtained  during 
summer.  Duplicate  deteraiinations  which  checked  to  within  at  least 
10  mgm.  were  obtained  in  most  cases.  In  the  others  one  to  five  determina- 
tions were  made.  In  the  summary  of  these  results  we  have  omitted  those 
determinations  which  failed  to  check  with  other  detenninations  on  the 
same  bird,  or  which  were  single  detemiinations  and  fell  beyond  the  limits 
of  checked  determinations  for  the  race  or  species. 

Presentation  of  data.     a.  Tuberculosis  and  Ascaridia.     Seven  of  the 

15  tuberculous  birds  listed  in  tables  1  and  3  gave  abnormally  high  values 
for  sugar  in  the  blood.  Two  gave  abnormallj^  low  values;  3  gave  normal 
values  and  3  others  gave  values  only  slightly  higher  than  normal,  if  the 
average  for  the  healthy  birds  of  the  group  be  taken  as  the  nonnal.    The 

16  tuberculous  hybrids  of  table  4  show  a  definitely  lower  average  value 
than  that  of  their  49  healthy  associates  (160:167  mgm.  per  100  cc.  of 
blood).  Only  4  of  this  group  had  abnormally  high  sugar  values;  3  or  4  had 
normal  values;  and  8  had  abnormally  low  values.  The  details  of  these 
data  therefore  emphasize  the  tabulated  averages  in  indicating  that  tuber- 
culous birds  should  be  excluded  from  others  in  any  attempt  to  determine 
the  normal  blood  sugar  value  in  these  species  and  varieties  of  animals. 
Our  data  show  that  the  values  obtained  from  tuberculous  birds  are  usu- 
ally abnormal,  and  that  these  may  be  either  very  high  or  very  low.  In 
our  material  we  are  unable  to  associate  a  high  or  low  blood  sugar  with 
any  particular  type  or  degree  of  tuberculosis. 

The  effect  of  the  presence  of  Ascaridia  (round  wonns)  on  the  blood 
sugar  is  not  made  wholly  clear  by  our  data.  This  effect  seems  not  to  be 
the  same  in  the  generic  hybrids  of  table  4  as  in  other  hybrids;  nor  is  it  the 
same  as  found  for  the  pure  species  listed  in  tables  1  and  3.  All  of  the  four 
groups  of  Ascaridia-bearing  generic  hybrids  of  table  4  show  blood  sugar 
values  higher  than  the  normal  (average  of  all  =  176:167).  Among  the  birds 
listed  in  table  3,  however,  the  sugar  values  obtained  from  Ascaridia- 
infested  birds  seem  definitely  lower  (146:164),  and  in  table  1  they  usually 
seem  slightly  lower,  than  the  values  obtained  from  healthy  birds.  But 
for  the  groups  listed  in  table  1  this  difference  is  slight  and  not  really  con- 
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TABLE  1 

The  blood  sugar  values  of  common  -pigeons  {ivith  two  derived  varieties,  " scragglies" 

and  ataxics)  and  ring  doves  classified  as  to  species,  age,  sex  and  disease 
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TABLE  1— Concluded 
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tFive  of  these  birds  were  not  killed  for  examination  but  were  probably  healthy. 


sistent;  it  would  seem  that  the  sugar  values  obtained  from  the  wonn- 
infested  birds  of  these  latter  groups  may  be  considered  normal. 

b.  The  relation  of  sex  to  blood  sugar.  The  data  for  groups  other  than 
generic  hybrids  may  be  first  examined.  If  averages  obtained  from  healthy 
adult  birds  only  be  considered  (tables  1  and  3),  the  males  of  the  following 
groups  seem  to  have  slightly  higher  concentrations  of  sugar  in  the  blood 
than  have  the  females.  "Scragglies."  150:144;  ring  doves,  153:149; 
mourning  doves  {Zen.  carolinensis) ,  262:253.  The  females  average  higher 
in:  Common  pigeons,  181:190;  ataxics,  177:183;  T.  orientalis,  189:192; 
Stig.  senegalensis,  174:177.  If  the  Ascaridia-bearing  birds  be  added  to  the 
"healthy"  birds — ^a  procedure  essentially  justified  for  certain  races  in  the 
preceding  section — this  larger  number  of  determinations  shows  a  similar 
approximation  of  the  blood  sugar  in  the  two  sexes:  Scragglies,  164:157; 
ring  doves,  152:147;  common  pigeons,  180:183.  The  three  henna phrodites 
(T.  orientalis)  all  gave  abnormal  sugar  values,  but  all  were  diseased.  From 
these  data  we  can  only  conclude  that  in  these  groups  of  birds  a  measm-able 
difference  of  blood  sugar  with  reference  to  sex  in  general  has  certainly  not 
been  found. 

The  healthy  birds  in  the  large  groups  of  generic  hybrids  of  table  4 
rather  consistently  indicate  that  the  males  in  the  reciprocal  crosses  have  a 
somewhat  higher  sugar  value  than  the  females  (178:166;  and  165:159). 
The  birds  bearing  Ascaridia  are,  however,  not  thus  consistent  (183:175; 
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and  169:177).  In  these  hybrids  it  was  noted  above  that  the  Ascaiidia- 
infested  birds  of  all  four  groups  show  higher  sugar  values  than  do  the 
healthy  birds,  though  an  opposite  tendency  is  elsewhere  observed  in  other 
kinds  of  birds  thus  diseased.  This  group  of  generic  hybrids  was  of  quite 
advanced  average  age  (113.4  months)  and  it  is  perhaps  conceivable  that 
there  was  more  incipient  tuberculosis  among  the  females  than  among  the 


TABLE  2 
Blood  sugar  values  of  dove  embryos  and  of  young  doves  after  various  periods  of  fasting 
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males.  If  so,  this  may  account  for  part  or  much  of  the  discrepancy,  since 
tuberculous  birds  of  these  groups  have  lower  than  normal  sugar  values. 
It  is  not  possible  to  decide  whether  a  sex  difference  docs  or  docs  not  exist 
in  this  particular  division  of  our  material. 

For  two  additional  groups  of  generic  hybrids  a  much  smaller  amount 
of  data  is  available  (bottom  table  3).  In  both  of  these  groups  the  data 
indicate  equal  amounts  of  sugar  in  the  blood  of  the  two  sexes  (190:192  and 
163:164).  For  most  groups  of  birds,  whether  hybrid  or  of  pure  species,  it 
can  therefore  be  said  that  our  data  indicate  an  equivalence  of  blood  sugar 
in  the  two  sexes. 

A  special  interest  attaches  to  the  figures  obtained  from  the  Spilopclia  X 
Streptopelia  cross  (table  3)  since  the  number  of  birds  examined  is  faii-ly 
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large,  all  the  birds  used  are  full  brothers  and  sisters,  and  all  were  killed 
in  the  first  year  of  maturit}^  (aged  6  to  16  months).  We  shall  later  publish 
data  showing,  within  this  group,  a  correlation  between  sugar  concentration 
on  the  one  hand  and  thyroid  and  suprarenal  size  on  the  other.  The  birds 
(males  and  non-ovulating  females)  giving  lowest  sugar  values  had  larger 
thja-oids  and  suprarenals;  and  those  giving  highest  sugars  had  smaller 
thyroids  and  suprarenals.  These  observations  plainly  suggest  one  possible 
basis  for  the  rather  widely  varying  sugar  concentration  often  found  for 
different  individuals  of  the  same  race  or  species. 

c.  The  relation  of  age  to  blood  sugar.  ]\Iost  of  the  data  for  blood  sugar 
at  various  ages  will  be  found  in  tables  1  and  2;  they  refer  chiefl}'  to  common 
pigeons  and  to  ring  doves  which,  nevertheless,  represent  two  different 
families  of  the  order  Columbae.  Some  of  the  j^oung  birds  used  were  too 
valuable  to  kill  and  their  sex  and  their  freedom  from  intestinal  worms  is 
still  unknown.  In  a  previous  section  it  has  been  noted,  however,  that 
neither  sex  nor  the  presence  of  Ascaridia  appreciably  modifies  the  blood 
sugar  of  common  pigeons  and  ring  doves.  Since  the  averages  for  the  adults 
of  these  groups  include  the  birds  with  intestinal  worms  (very  harmful  or 
advanced  cases  of  intestinal  worms  were  not  present,  since  onty  supposedly 
healthy  and  actively  reproducing  birds  of  these  groups  were  taken  for 
study)  it  is  quite  improbable  that  our  failure  to  kill  and  examine  these 
young  birds  appreciabl}^  affects  the  values  listed  for  them. 

Coml3ining  the  stages  given  in  tables  1  and  2  we  find  as  follows  for  com- 
mon pigeons:  embryos,  157;  1.1  months,  179;  2.3  months,  183;  adult,  181. 
For  "scragghes":  embiyos,  140;  1.2  months,  155;  2.7  months,  155;  adult, 
160.  For  ring  doves:  embrj^os,  133,  1.2  months,  149;  2.1  months,  149; 
adult,  149.  These  data  indicate  that  the  normal  amount  of  sugar  in  the 
blood  of  the  adult  rather  closeh"  approximates  to  that  present  at  the  end 
of  embryonic  life  and  at  intervening  periods.  It  is  further  indicated  that 
the  amount  of  sugar  present  in  the  blood  of  the  three  kinds  of  embrj'os 
is  somewhat  less  than  in  the  adults  of  the  corresponding  species,  but  that 
the  differences  found  in  the  blood  of  the  embryos  is  as  characteristic  of  the 
species  as  is  that  of  the  adult.  These  points  can  be  seen  to  advantage  in 
figure  1. 

Two  points  in  the  data  just  given  require  further  consideration.  The 
first  of  these  is  the  probability  that  the  blood  samples  obtained  from  the 
decapitated  embryos  were  slightly  contaminated  with  the  colorless  serum 
which  slowly  filters  from  the  freshly  cut  tissues  of  the  neck.  The  drops 
of  blood  are  of  course  also  in  momentar}^  contact  with  at  least  a  part  of  this 
cut  surface  and  doubtless  carr^-  away  traces  of  it.  We  have  been  unable  to 
collect  a  sufficient  quantity  of  this  serum  to  make  a  test  of  its  reducing 
capacity'.  But  it  probably  has  a  lower  sugar  concentration  than  has  the 
blood,  and  we  suspect  that  its  admixture  with  the  blood  sample  is  the  source 
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of  the  relatively  slight  difference  observed  in  the  blood  of  embryo  and  adult. 
The  second  point  concerns  the  amount  or  degree  of  fasting  necessaiy  in 
order  to  obtain  a  "normal"  blood  sugar  from  young  birds  still  being  fed 
partially  digested  food  by  the  parents.  Or,  perhaps  the  real  question  is, 
what  is  the  "normal"  in  such  young  birds?  For  the  purposes  of  the  list 
of  sugar  values  given  above,  and  for  the  construction  of  figure  1,  we  have 
chosen  a  value  (for  birds  about  1.2  months  old)  on  the  basis  of  reasons 
which  may  next  be  given. 

The  data  of  table  2  demonstrate  that  while  being  fed  by  their  parents, 
and  during  those  hours  of  the  day  when  their  "crops"  are  filled  with  food, 
young  pigeons  show  a  definite  hyperglycemia.  Much  higher  values  are 
then  regularly  found  than  is  found  for  the  embryo,  the  adult,  or  for  these 
same  young  late  at  night  or  before  feeding  in  early  morning.    After  7  to  10 
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Fig.l.  Polygons  showing  the  amount  of  blood  sugar  for  each  of  three  kinds  of 
pigeons  at  four  differeot  periods  of  life.  The  ordinates  represent  milligrams  sugar 
per  100  cc.  of  blood. 


hours  of  fasting  the  young  of  common  pigeons  show  a  sugar  value,  179, 
which  is  practically  equal  to  that  of  the  adult,  181.  After  18  to  19  hours 
of  fasting  the  sugar  value  in  such  young  is  plainly  lower,  161,  than  that  of 
the  normal  adult.  A  fasting  period  of  18  to  19  hours  is  longer  than  the 
normal  interval  between  the  last  evening-feeding  and  the  first  moi-ning- 
f ceding  period  in  pigeons,  i.e.,  it  is  longer  than  any  naturally  occurring 
fasting  period.  It  can  certainly  be  said  that  a  fasting  period  of  7  to  15 
hours  actually  occurs  daily  in  the  hfe  of  the  bird.  Similarly,  very  young 
"scraggly  "  offspring  showed  a  sugar  value  of  155  after  9  to  10  hours  fasting 
as  compared  with  a  normal  adult  value  of  160.  And  finally,  the  young 
ring  doves  fasted  during  7  to  15  hours  gave  a  wholly  nonnal  sugar  value  of 
149.  All  of  these  groups  show  that  a  longer  period  of  fasting  is  accompanied 
by  sugar  concentrations  lower  than  normal,  and  if  not  fasted  at  all  these 
groups  of  young — still  being  fed  partially  digested  food  by  parents — all 
show  a  sugar  concentration  higher  than  is  found  at  any  other  time  in  their 
life  history. 
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TABLE  3 
The  blood  sugar  values  of  various  doves  and  pigeons  classified  as  to  species,  sex  an4 

disease 


NUMBER 
OF* 

AMOUNT  OF 

SUGAl 
100  CK 

}(mGM. PER 

OF  BLOOD) 

KIND  OF  PIGEON 

SEX 

HEALTHY   OR 
DISEASED 

BODY 
WEIGHT 

^  o 

B 

3 

o 

•a 

I'i 

S 
'a 

i 
160 

1 

205 

> 

< 

INIales                / 

Healthy 

226 

13 

26 

189 

1 

Tuberculous 

221 

2 

2 

190 

250 

220 

Females           / 

Healthy 

223 

5 

9 

175 

210 

192 

1 

Tuberculous 

231 

1 

1 

225 

Turtur  orientalis     ■ 

Unknown 

Healthy  (?) 

230 

4 

8 

180 

202 

191 

Hermaph-         f 

Ascaris 

218 

1 

2 

155 

rodites          \ 

Tuberculous 

239 

2 

4 

200 

205 

203 

Average 

Healthy 

226 

22 

43 

190 

Males 

Healthy  (?) 

96 

3 

6 

162 

195 

174 

Stigmatopelia 

Females 

Healthy  (?) 

96 

2 

3 

170 

185 

177 

senegalensis 

Unknown 

Healthy  (?) 

90 

4 

6 

150 

175 

158 

Average 

Healthy  f?) 

94 

9 

15 

168 

Zenaidura                  f 

Males 

Healthy  (?) 

124 

3 

255 

270 

262 

carolinesis             \ 

Females 

Healthy 

120 

2 

250 

255 

253 

Spil.  chinensis 

Females 

Healthy  (?) 

170 

3 

160 

180 

173 

Spil.  suratensis 

Male 

Healthy  (?) 

ISO 

3 

165 

175 

170 

Leuc.  picata 

Male 

Healthy  (?) 

420 

5 

180 

200 

190 

■ 

Healthy 

143 

9 

15 

130 

185 

163 

Males 

Ascaridia 

149 

5 

10 

125 

175 

142 

Tuberculous 

129 

5 

8 

130 

200 

154 

cf  Spil.  suraten- 

sis X    9 

Healthy 

141 

11 

23 

135 

208 

164 

Streptop.  hyb. 

Females 

Ascaridia 

150 

5 

12 

135 

172 

149 

- 

Tuberculous 

2 

4 

150 

183 

166 

Average 

Healthy 

142 

20 

38 

164 

Zenaida- 

'  ]Males 

Healthy  (?) 

97 

2 

3 

ISO 

200 

190 

Zenaidura  hybs. 

Females 

Healthy  (?) 

9o 

2 

3 

1S5 

200    192 
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The  above  data  show  that  the  normal  concentration  of  Ijlood  sugar 
is  obtained  in  young  common  pigeons  and  in  the  scragglies  after  7  to  10 
hours  fasting;  and  that  in  ring  doves  this  value  is  obtained  after  7  to  15 
hours.  The  fact  that  hyperglycemia  regularly  occurs  in  these  very  young 
pigeons  during  the  several  hours  of  each  day  of  the  feeding  period  suggests 
either  that  the  efficiency  of  the  glycogenic  functions  is  not  yet  fully  estab- 
lished at  this  stage;  or  that  the  absorptive  powers  of  the  young  bird's 
intestine — crammed  with  food  already  partially  digested — are  quite  out  of 
proportion  to  the  absorptive  powers  possessed  b}'  the  bird  a  month  later 
(see  table  1). 

The  associated  fact — that  so  short  a  period  of  fasting  as  16  to  19  hours 
results  in  a  hypoglycemia  in  these  young  birds — is  equally  interesting, 
since  Honeywell  (6)  has  shown  that  a  fasting  period  of  even  48  hours  has 
little  effect  on  the  blood  sugar  of  adult  common  pigeons.  Also  our  more 
recent  tests  show  that  no  hypoglycemia  results,  either  in  common  pigeons 
or  in  the  ring  dove  adults,  from  fasting  19  to  20  hours.  This  ver}-  different 
result  in  very  young  and  in  adult  pigeons  is  proba])ly  associated  with  the 
extraordinary  rate  of  growth  which  is  prevalent  at  this  stage  in  the  life 
of  the  5'oung  birds;  but  it  is  clear  that  an  alimentary  glj'cemia  is  present 
in  the  young  birds  being  fed  partially  digested  food,  and  that  in  this  same 
stage  the  blood  sugar  of  the  young  pigeon  is  affected  b}^  short  periods  of 
fasting.  For  other  stages  of  life  there  is  no  evidence  that  an  alimentary 
glj^cemia  occurs  in  the  pigeon. 

On  the  question  of  blood  sugar  concentration  in  birds  of  very  old  age 
we  have  the  following  data:  The  five  youngest  (11.1  months)  healthy 
T.  orientalis  (table  3)  gave  an  average  of  183;  the  five  oldest  (56  months), 
188.  The  10  yoimgest  (adult)  common  pigeons  (7.5  months)  average  177; 
the  10  oldest  (20  months)  average  181.  The  5  youngest  adult  "scragglies" 
(6.6  months)  average  164;  the  five  oldest  (16.2  months)  average  161. 
The  10  youngest  (adult)  ring  doves  (8.4  months)  average  151;  the  10 
oldest  (47  months)  average  149.  The  21  healthy  male  and  female  generic 
hybrids  of  table  4  which  were  aged  75  to  100  months  gave  an  average 
sugar  value  of  168;  while  11  similar  hybrids  aged  130  to  183  months 
averaged  171.  From  these  data,  and  from  an  examination  of  the  details 
on  which  the  averages  are  based  as  well  as  from  smaller  amounts  of  data 
obtained  from  the  smaller  groups  of  birds,  we  find  it  wholly  improbable 
that  very  old  age  in  pigeons  is  nonnally  accompanied  by  any  change  iu 
the  concentration  of  sugar  in  the  blood. 

It  can  therefore  be  said  that  the  data  obtained  for  common  pigeons  and 
ring  doves  at  several  ages,  extending  from  the  unhatched  embryo  to  old  age, 
lead  to  the  conclusion  that  the  normal  concentration  of  reducing  sub- 
stances in  the  blood  normally  remains  at  the  same  level  throughout  the 
whole  life  cycle.    The  amount  found  for  the  embryos  is  somewhat  less  than 
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that  found  for  all  later  stages;  but  the  difficulty  of  obtaining  blood  samples 
of  embryos  uncontaminated  with  a  serum  pressed  from  the  cut  tissue  is 
probably  the  explanation  of  this  deficiency. 

d.  The  normal  hlood  sugar  of  various  species  and  races.     Sugar  deter- 
minations have  been  made  on  nine  species,  two  derived  races  and  on  three 


TABLE  4 

Blood  sugar  values  {non-ovulation  stages)  of  a  group  of  generic  hybrids  classified  as 

to  direction  of  cross,  sex,  health  and  disease;  average  weight  of  body,  suprarenals 

and  thyroids  given  for  all  classes 


AVER^  GB 

SEX 

HEALTHY  OB 
DISEASED 

NUMBER    OF 
SUGAR 
DETERMI- 
NATIONS 

NUMBER 

OF 

BIRDS 

BLOOD 

SUQAB 

(mgm.) 

WEIGHT  OF 

KIND  OF  HYBRID 

s 

a 
3 
>> 

•§ 
ffl 

Is 

'5  £ 

Healthy 

25 

14 

178 

194 

16.2 

26.7 

Males          \ 

Ascaridia 

6 

3 

183 

210 

16.3 

24.5 

Tuberculous 

6 

3 

159 

208 

19.1 

25.0 

cf  T.  orientalis  X" 

9  Strep,  alba 

Healthy 

20 

11 

166 

195 

12.8 

20.3 

Females      i 

Ascaridia 

2 

1 

175 

204 

12.3 

26.0 

. 

I 

Tuberculous 

2 

1 

185 

170 

22.6 

21.6 

( 

Healthy 

20 

11 

165 

204 

14.6 

24.2 

Males 

Ascaridia 

8 

4 

169 

192 

12.8 

24.2 

c?  Strep,  alba  X 

Tuberculous 

10 

6 

154 

208 

21.2 

26.4 

9  T.  orientalis 

r 

Healthy 

21 

13 

159 

189 

12.6 

24.9 

Females 

Ascaridia 

12 

6 

177 

ISO 

13.4 

22.1 

. 

Tuberculous 

12 

6 

143 

181 

17.3 

47.2 

Male 

Healthy 

45 

25 

171 

199 

15.4 

25.5 

Female 

Healthy 

41 

24 

163 

192 

12.7 

22.6 

Totals  or  means  < 

f 

Healthy 

86 

49 

167 

196 

14.1 

24.0 

cf  and  9     ' 

Ascaridia 

28 

14 

176 

19713.7 

24.2 

■ 

Tuberculous 

30 

16 

160 

192  20.1 

1 

30.1 

groups  of  generic  hybrids.  For  three  or  four  of  these  groups  the  number  of 
observations  made  and  of  birds  used  is  too  small  to  afford  verj'-  definite 
information.  Within  the  nine  species  seven  genera  are  represented,  and 
these  genera  belong  to  two  families  and  four  different  sub-families  of 
Colmnbae,  The  data  of  tables  1  to  3  make  it  fairly  clear  that  all  except  two 
of  the  species  examined  from  these  genera  are  characterized  b}^  distinct  and 
different  concentrations  of  reducing  substances  in  their  blood.    A  list  of 
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these  genera  with  the  adult  sugar  values  found  for  them,  together  with  the 
number  of  birds  and  of  observations  placed  in  parentheses,  is  given  below. 

sugar  =  149  nigm. 

'""■""    =  169  mgm. 

=  172  mgm. 

ISl  mgm. 


wt.  =  226  grams  (22-43);  sugar  =  190  mgm 
wt.  =  420  grams  (  1-5);  sugar  =  190  mgm. 
wt.  =  122  grams  (  2-5);  sugar      =  25S  mgm. 


The  weights  given  in  this  list  are  of  course  for  the  species  and  individuals 
actually  used  in  the  study.  It  is  quite  clear  that  there  is  no  relation 
between  the  size  of  the  species  studied  and  the  percentage  of  sugar  in 
the  blood. 

Discussion  and  interpretation.  Reference  should  here  be  made  to 
previous  measurements  of  blood  sugar  in  birds.  The  nature  and  extent  of 
this  work,  together  with  many  points  facilitating  its  consideration,  can  be 
most  conveniently  presented  in  the  form  of  table  5.  The  tabulated  data 
make  it  clear  that  but  little  work  has  been  done  with  the  purpose  of 
learning  the  normal  concentration  of  sugar  in  the  blood  of  lairds.  Only 
four  distinct  kinds  of  birds  have  hitherto  been  studied  and  among  these 
there  is  probably  not  a  single  pure  or  natural  species  represented.  The 
"fowls"  studied  by  the  different  ol)servers  may  have  been  verj'  different 
races — probably  more  different  than  our  common  pigeons  and  the 
"scragglies"  derived  from  them;  and  these  two  groups  we  have  shown  to 
be  characterized  by  two  different  blood  sugar  levels.  The  same  would 
apply  to  the  various  studies  on  "ducks"  and  "geese."  Common  pigeons 
too  are  mongrels,  not  a  species,  and  nearly  200  such  races  exist.  The 
common  pigeons  used  by  us  are  a  mixture  of  "homer"  and  "carrier,"  and 
in  some  cases  the  "Jacobin"  is  also  represented  in  the  cross.  These  birds 
therefore  correspond  fairly  closely  in  their  origin  and  composition  to  the 
"pigeons"  usually  available  as  laboratory  animals  in  this  country.  In 
this  connection  it  should  be  recalled  that  we  have  elsewhere  (5)  shown 
that  blood  sugar  levels  are  inherited  in  crosses. 

Table  5  also  shows  that  quite  different  values  have  been  obtained  for 
the  fowl  by  the  various  investigators;  and  the  same  is  also  true  in  the  case 
of  the  duck.  We  are  tempted  to  assume  that  much  of  these  differences  is 
also  assignable  to  different  degrees  of  emotional  glyccmia  and  to  different 
periods  or  degrees  of  confinement  prior  to  the  taking  of  the  samples.  In  tlie 
work  of  Scott  and  Honeywell  (13)  hyperglycemia  due  to  fright  was  prolj- 
ably  successfully  avoided;  and  a  comparison  of  the  values  obtained  for  the 
common  pigeon  by  them  with  those  obtained  by  us  indicates  that  tlicir 
birds  were  not  affected  by  too  close  confinement.  In  practically  none  of 
the  other  studies  listed  is  it  possible  for  the  reader  to  learn  that  cither 
of  these  two  important  factors  was  excluded. 
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It  is  further  notable  that  Flemming  (12)  obtained  values  (75  mgm.) 
for  ducks,  and  Maranon  and  Rosique  values  for  the  dove  (80  mgm.) 
which  are  wholly  at  variance  with  all  other  observations  on  birds  and 
which  are  quite  similar  to  values  found  for  mammals.  Flemming's  several 
determinations  are  consistently  low;  but  he  makes  no  note  of  the  wide 
discrepancy  between  his  own  and  earlier  findings.  Unfortunately  only 
the  abstract  of  the  work  of  Maranon  and  Rosique  has  been  available  to  us. 
Unless  the'  low  values  found  in  the  two  above-mentioned  studies  were  the 


TABLE  5 
A  sximmary  of  earlier  measurements  of  the  blood  sugar  in  birds 


Fowl 

Fowl  (adult) 

Fowl  (2  mo.) 

Fowl 

Fowl 

Duck 

Duck 

Duck  (fasting) 

Duck  (sick) 

Duck 

Geese 

Common  pigeon 

Dove   ? 


AMOUNT  OF  BLOOD 

SUGAR (mgm. per 

O 

n 
S 

D 
12 

100  OC.) 

0) 
C 

1 
> 

< 

8 

188-250 

209 

4 

175-190 

183 

4 

200-240 

220 

? 

?   ? 

140 

? 

?   ? 

230 

7 

120-200 

160 

14 

120-180 

146 

5 

140-160 

150 

5 

130-150 

140 

12 

50-98 

75 

6 

120-160 

138 

22 

160-239 

185 

? 

?   ? 

80 

METHOD  USED 


Abeles 

Bierry-Portier 

Bierr.y-Portier 

9 

Bierry-Portier 

Abeles 

Abeles 

Abeles 

Abeles 

Pfliiger-Allihn 

Abeles 

^Maclean 

Bang 


OBSERVER 


Saito  and  Katayama  (7) 

Giaja  (8) 

Giaja  (8) 

Bernard  (cited  from  Bang) 

Bierry  and  Fandard  (9) 

Weintraud  (10) 

Kausch  (11) 

Kausch  (11) 

Kausch  (11) 

Flemming  (12) 

Kausch 

Scott  and  Honej-well  (13) 

Maranon  and  Rosique  (14j 


result  of  prolonged  and  extreme  confinement  of  the  animals  used  we  are 
wholly  unable  to  interpret  them. 

Only  Giaja  (8)  has  compared  the  blood  sugar  of  the  young  and  adult  of 
the  same  race  and  he  made  but  four  observations  on  each  group.  He  con- 
cluded, however,  that  young  fowls— aged  about  2  months — have  clearly 
higher  sugar  values  than  fowls  aged  at  least  one  year.  The  value  obtained 
by  him  for  the  adults  was,  however,  considerablj'  less  than  that  obtained 
by  Saito  and  Katayama  (7).  The  high  values  obtained  bj'-  us  for  one  stage 
of  young  pigeons  we  have  interpreted  as  a  hyperglycemia  resulting  from 
their  being  fed  partially  digested  food  by  the  parents;  there  being  either 
failure  of  full  development  of  the  glycogenic  function,  or  an  excessive^ 
rapid  absorptive  rate  from  the  intestine,  at  this  stage  of  growth.  This  type 
of  feeding  does  not  exist  in  the  fowl:  if  therefore  the  young  of  the  fowl 
should  later  be  proved  to  have  a  higher  sugar  value  than  that  of  the  adult 
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it  would  be  made  clear  that  our  interpretation  of  this  point  is  inadequate 
or  wrong. 

Kausch  (11)  states  that  fasting  up  to  72  hours  does  not  measurablj^ 
lower  the  blood  sugar  of  ducks.  Here,  however,  one  would  wish  to  know 
whether  or  to  what  extent  emotional  glycemia  entered  into  the  values 
found.  Honeywell  (6)  was  unable  definitely  to  decide  whether  48  hours 
of  inanition  had  an  effect  on  the  blood  sugar  of  35  common  pigeons;  the 
birds  used  in  that  study  were  obtained  from  dealers  and  the  values  found 
(166  before  and  165  after)  were  lower — both  before  and  after  the  inanition 
period — than  is  now  recognized  as  normal  for  common  pigeons.  As  earlier 
noted,  this  point  was  further  examined  by  us  in  tests  of  the  effect  of  a 
20-hour  period  of  fasting  and  no  decrease  was  found.  From  these  several 
results,  and  limiting  our  statement  to  the  kind  of  food  and  method  of 
feeding  used  by  us,  we  can  state  as  follows:  It  seems  probable  that  in  the 
pigeon — an  animal  using  a  high  carbohydrate  diet  but  unlike  the  rabbit- 
in  feeding  only  bj^  day — the  only  notable  alimentary  glycemia  which 
occurs  is  that  during  feeding  by  the  parents  in  the  short  period  of  im- 
maturity. This  point  probably  involves  a  notable  difference  in  one  or 
another  aspect  of  the  carbohydrate  metabohsm  of  mammals  on  the  one 
hand  and  of  birds  like  the  pigeon  on  the  other.  The  alleged  greater  diffi- 
culty of  obtaining  a  pancreatic  glycuresis  and  glycemia  in  birds  may  be 
related  to  this  same  difference. 

The  measurements  made  on  the  blood  sugar  of  several  wild  species  of 
birds,  as  carried  out  in  the  present  study  with  the  ehmination  of  many 
factors  known  to  modify  such  results,  make  it  quite  certain  that  in  at  least 
one  large  order  of  birds  a  very  high  concentration  of  reducing  substances 
is  noraially  present  in  the  blood.  The  different  genera  and  species  of 
Columbae  also  further  show  relatively  wide  differences  in  nonnal  con- 
centration of  sugar  in  the  blood. 

SUMMARY 

Measurements  of  the  normal  concentration  of  the  reducing  substances 
of  the  blood  were  made  on  415  birds  belonging  to  nine  species,  two  derived 
races,  and  three  groups  of  generic  h^'brids.  These  species  include  seven 
genera  and  two  families  of  Columbae.  Most  of  these  species  and  genera  are 
found  to  have  different  and  characteristic  concentrations  of  blood  sugar. 
The  species  examined  vary  between  149  and  258  mgm.  sugar  per  100  cc.  of 
blood. 

The  factors  previously  known  to  modify  the  normal  sugar  level  have 
been  considered,  minimized  or  elhninated  from  the  results;  and  in  addition 
the  data  obtained  are  free  from  errors  arising  from  three  hitherto  un- 
recognized factors— proximity  to  ovulation,  prolonged  inactivity  or  close 
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confmement,  and  the  onset  of  cold  weather.  The  nature  and  condition 
of  the  animals  used  are  fully  described. 

Tuberculous  birds  usually  have  abnoiTnal  concentrations  of  sugar  in  the 
blood;  this  concentration  may  be  either  high  or  low.  The  presence  of 
round  worms  (Ascaridia  7naculosa)  in  the  intestines  does  not  seem  to 
affect  the  blood  sugar  values  of  all  species  and  hybrids  in  a  similar  manner. 
In  reproducing  common  pigeons  and  in  ring  doves  the  concentration  of 
sugar  was  unaffected. 

Males  and  non-ovulating  females  do  not  show  consistent  or  unquestion- 
able differences  in  blood  sugar. 

There  is  no  relation  of  the  size  of  the  races  and  species  studied  to  the 
normal  concentration  of  the  sugar  of  the  blood. 

The  blood  sugar  has  been  measured  in  the  embryo,  in  two  juvenile 
stages,  in  adult  stages,  and  in  old  age.  The  values  obtained  for  these 
several  ages  are  notably  similar  in  anj^  single  species  or  race.  The  values 
actually  obtained  for  embryos  are  slightly  lower  than  for  adults,  but  the 
apparent  difference  is  probably  not  real. 

In  that  part  of  the  juvenile  period  during  which  the  young  is  being  fed 
partially  digested  food  by  the  parents,  the  hours  of  active  food  absorption 
are  characterized  by  values  higher  than  those  of  the  normal  adult.  In 
these  cases  the  normal  adult  values  are  obtained  only  after  7  to  15  hours 
of  fasting.  It  is  only  during  this  part  of  the  growth  period  that  an  alimen- 
tary hyperglycemia  has  been  found  in  pigeons. 

The  normally  high  concentration  of  the  blood  sugar  of  birds,  the  relative 
freedom  of  pigeons  from  alimentary  hyperglycemia  (despite  the  high 
carbohydrate  diet  of  these  species),  and  the  stability  of  their  blood  sugar 
concentration  under  shorter  periods  of  fasting,  all  suggest  that  thej' 
differ  from  mammals  in  one  or  another  aspect  of  their  carbohydrate 
metabolism. 
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It  has  long  been  recognized  in  the  practical  breeding  of  pigeons  and  of 
poultry  that  ovulation  ceases  soon  after  reproducing  birds  are  confined  in 
spaces  so  small  as  to  prevent  or  great!}'  restrict  the  noiinal  movements  of 
the  animal.  This  experience  has  been  so  general  that  data  on  this  point 
need  not  be  submitted  here.  The  physiological  question  involved  is, 
what  changes  in  the  organism  are  responsible  for,  or  are  associated  with, 
the  suppression  of  ovulation  by  this  confinement  and  inactivity? 

Earh'  in  our  studies  on  the  blood  sugar  of  pigeons  it  was  thought  that 
birds  kept  in  small  cages  were  probably  unsuitable  for  use  in  dctennining 
the  normal  blood  sugar  of  a  race  or  species.  Lusk  (1)  had  observed  on 
the  dog  that  "prolonged  confinement  in  a  cage  will,  after  a  time,  greatly 
reduce  the  basal  metabolism  though  there  be  no  loss  in  weight.  Recovery 
from  this  condition  is  achieved  through  exercise."  This  observation  sug- 
gested to  us  that  metabolic  disturbances  are  involved  in  the  loss  of  re- 
productive power  by  birds  kept  under  these  conditions.  It  therefore 
seemed  advisable  to  test  the  effect  of  such  confinement  on  the  concen- 
tration of  blood  sugar.  Making  this  test  we  should  learn:  First,  whether 
the  suppression  of  ovulation  from  these  sources  is  accompanictl  l)y  ciianges 
in  carbohydrate  metabolism  as  reflected  by  the  sugar  concentration  in 
the  blood.  Second,  whether  such  inactivity  and  confinement  is  a  factor 
modifying  the  normal  l)lood  sugar. 

Experimental.  Blood  samples  were  obtained  by  needle-puncture  of 
the  heart  under  precautions  described  in  our  preceding  studios,  and  the 
sugar  determined  by  IMaclean's  micro-method.  In  this  study  two  groups 
of  birds  were  used.  Series  I  was  composed  of  18  common  pigeons  which 
had  grown  to  maturity  in  a  large  (25  X  15  X  10  feet)  outdoor-indoor  flying 
space.  For  two  months  prior  to  the  drawing  of  the  control  blood  samples 
the  18  birds  had  occupied  an  "outdoor"  space  15  X  5  X  7  feet.  After 
obtaining  duplicate  sugar  detenninations  for  these  IS  birds  on  June  13  to 
16,  they  were  divided  into  lots  A  and  B.     Lot  A,  composed  of  8  l)irds 
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(taken  from  the  head  of  the  hst  of  first  samples  drawn)  which  had  given 
an  average  sugar  value  of  181  mgm.  per  100  cc.  of  blood,  was  used  as  a 
first  control  and  therefore  left  in  their  former  quarters.  The  remaining 
10  birds, lot  B,  were  removed  to  a  veiy  small  cage  (3|  X  2  X  2  feet).  This 
cage  was  placed  in  a  well-ventilated  but  only  partially  lighted  basement 
of  the  laboratory-annex.  The  poorer  lighting  was  sought  in  order  to 
insure  less  dissension  and  less  activity.  This  lighting  was,  however,  fully 
adequate  to  peraiit  the  birds  to  feed  and  drink  freely.  An  unwished  for 
but  unavoidable  factor  associated  with  these  basement  quarters  was  a 
somewhat  lower  temperature  (5°  to  15°F.)  during  the  hours  of  sunshine. 

TABLE  1 
Summary  on  the  effects  of  inactivity  or  confinement  in  small  space  on  the  amount  of 

blood  sugar  in  pigeons 


GROUP 

NUMBER  OF 
BIRDS 

MILLIGRAMS  OF  SUGAR  PER  100  CC.  OF  BLOOD 

SERIES 

Control 
(normal 
activity) 

Control 

After  3-5 
weeks  confine- 
ment and 
inactivity 

Cont'd. 

After 
inactivity 

A 
B 

A 

8 
10 

3 

4 

181 
175 

177 

178 

181 

180 

(173) 

132 
119 

127 

Average 

178 

181 

(173) 

125 

Before  removal  to  their  very  limited  quarters  lot  B  had  an  average 
sugar  concentration  of  175  mgm.  On  Jul}'  5 — after  twenty  daj's  of  close 
confinement — lot  B  gave  an  average  blood  sugar  of  119.  Lot  A,  which  had 
remained  in  their  former  quarters  again  averaged  181.  At  this  time  (July 
5)  the  position  of  the  two  lots  was  reversed  by  the  return  of  lot  B  to  their 
former  quarters,  and  the  subjection  of  lot  A  to  the  small  basement  cage. 
Five  weeks  later  (August  12  to  14)  lot  B,  now  used  as  a  control,  gave  an 
average  sugar  value  of  173;  and  lot  A,  now  the  test  animals,  gave  an 
average  of  132.     These  data  are  summarized  in  table  1. 

Series  II,  composed  of  7  additional  birds,  was  begun  on  July  5.  The  3 
birds  of  lot  A  of  this  series,  then  giving  an  initial  sugar  value  of  177,  were 
left  in  the  larger  flj^ing  pen.  The  four  birds  of  lot  B,  which  had  just 
shown  a  normal  average  value  of  178,  were  placed  (with  birds  of  series  I) 
in  the  small  pen.  After  5  weeks  lot  A  had  an  average  sugar  concentration 
of  180;  lot  B,  an  average  of  127. 

At  the  beginning  of  the  experiment  the  birds  of  lot  A  were  aged  9.0 
months;  those  of  lot  B  averaged  9.6  months.  At  this  period  the  average 
body  weight  of  lot  A  was  315  grams;  that  of  B,  324  grams.     Lot  B  neither 
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lost  nor  gained  weight  during  the  period  of  close  confinement  (324  grams 
at  close)  though  the  control  birds  slightly  increased  their  weight  to  330 
grams  during  this  same  period.  During  its  five  weeks  of  close  confinement 
lot  A  showed  a  slight  loss  in  weight — to  310  grams.  But  the  two  birds  of 
this  group  which  gained  weight  during  this  period  showed  the  same  change 
in  sugar  values  as  did  those  which  lost  weight.  In  general,  in  these  experi- 
ments the  sugar  values  were  about  equally  depressed  in  birds  which  gainetl 
weight  and  in  those  which  lost  weight  during  close  confinement. 

Other  data  obtained  by  us  clearly  indicate  that  the  somewhat  lower 
temperature  of  the  basement  room  where  the  birds  were  closely  confined 
(June  to  August)  can  not  be  the  factor  responsi])le  for  the  fall  in  sugar 
concentration.  These  data  (2)  showed  that  the  temperature  of 
September — though  bringing  a  greater  lowering  of  temperature  from  that 
of  June  than  that  involved  in  the  change  to  basement  quarters — is  without 
measurable  effect  on  the  blood  sugar  of  common  pigeons. 

Discussion.  Three  to  five  weeks  of  largely  suppressed  activity  asso- 
ciated with  confinement  in  very  close  quarters  was  accompanied  by  a 
reduction  in  the  blood  sugar  of  22  birds  from  an  average  of  178  to  12.5 — a 
reduction  from  the  normal  of  29.8  per  cent.  The  reversal  of  these  condi- 
tions in  lots  A  and  B  of  series  I  was  promptly  accompanied  by  a  reversal 
of  the  values  found;  and  return  to  normal  conditions  was  followed  by  a 
return  to  the  normal  and  previously  observed  concentration  of  sugar  in 
the  blood.  Three  additional  birds  showed  an  initial  nonnal  average  of  177 
and,  as  a  further  control,  full}-  maintained  a  normal  average  (180)  during  the 
five  weeks  of  inactivity  in  which  their  associates  (series  II)  showed  a  fall 
in  values  from  178  to  127. 

It  is  therefore  clear  that  the  blood  sugar  concentrations  found  in  these 
animals  are  greatly  influenced  by  confinement;  and  that,  if  really  nomial 
sugar  concentrations  are  sought  in  these  animals,  this  factor  must  be 
ehminated.  There  is  every  probabilitj'  that  these  findings  ajiply  also 
to  the  other  laboratory  animals  commonly  used  in  studies  on  the  blood 
sugar.  We  believe  that  failure  to  eliminate  this  factor  is  in  part  respon- 
sible for  the  different  sugar  values  reported  for  the  same  race  of  animal 
by  various  observers. 

In  our  experiments  not  a  single  egg  was  ovulated  under  confinement 
though  they  were  being  produced  in  the  period  before  confinement.  This 
confonns  to  general  breeding  experience  with  birds.  It  thus  becomes  clear 
that  in  birds  closely  confined  one  condition  accompanying  the  sup- 
pression of  their  ovulation  is  a  great  and  rapid  reduction  of  sugar  con- 
centration in  the  blood.  This  point  gains  added  significance  through  tiio 
similar  additional  observations  made  by  us:  First,  that  thesugarof  the  blood 
normally  and  regularly  increases  at  each  ovulation  jioriod  in  the  pigeon 
(3),  (4).     Second,  that  a  dosage  of  insulin  which  twice  daily  lowers  the 
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blood  sugar  during  1  to  4  hours  to  only  60  to  80  mgm.  is  sufficient  to  pre- 
vent most  ovulations  in  pigeons  (5).  Third,  in  the  next  following  paper 
of  this  series  (2)  it  has  been  shown  that  the  onset  of  cold  weather — well 
known  to  decrease  or  suppress  ovulation  in  many  birds — also  causes 
fluctuations,  certainly  involving  a  temporary  decrease,  in  the  sugar  of 
the  blood.  It  is  thus  made  clear  that  these  several  conditions  which  tend 
to  lower  the  blood  sugar  concentration  tend  also  to  suppress  ovulation. 

CONCLUSIONS 

Close  confinement  with  enforced  inactivity  produces  within  three  to 
five  weeks  a  decrease  of  nearly  30  per  cent  in  the  normal  blood  sugar  of 
pigeons.  This  fact  is  doubtless  definitely  related  to  Lusk's  observation 
that  these  same  conditions  greatly  reduce  the  basal  metabolism  of  the 
dog. 

The  hypoglycemia  incident  to  the  laboratory  or  other  confinement  of 
animals  or  of  man  is  probably  a  widespread  source  of  error  or  of  difference 
in  past  and  current  "normal"  blood  sugar  measurements. 

These  conditions- — close  confinement  and  inactivity — result  in  the 
suppression  of  ovulation  in  pigeons  even  though  the  confined  animal 
mak-,    slight  gains  in  weight. 

Several  facts  suggest  that  ovulation  in  bii'ds  is  normally  associated 
with  the  capacity  of  the  organism  temporarily  to  increase  the  blood  sugar 
to  a  value  higher  than  the  normal  concentration,  and  that  conditions  ad- 
verse to  this  capacity  tend  to  suppress  ovulation. 
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It  has  been  found  that  the  blood  sugar  is  temporarily  decreased  in  pigeons 
which  are  unprotected  from  the  onset  of  cold  weather  in  late  autumn: 
At  the  same  time  and  under  these  same  conditions  the  rate  of  ovulation  is 
also  decreased  in  these  animals.  During  October,  1922,  it  was  possi])le  to 
identify  the  specific  date  of  the  first  severe  autumn  weather  with  a  pro- 
nounced decrease  in  both  the  sugar  concentration  and  the  ovulation  rate  in 
several  kinds  of  pigeons. 

These  results  make  it  clear  that  "normal"  concentrations  of  blood  sugar 
may  not  be  obtained  from  pigeons  similarly  and  recently  subjected  to  cold; 
and  the  same  will  probably  also  apply  to  other  birds  and  to  mammals. 
They  further  show  that  a  reduced  ovulation  rate  is  associated  in  this 
instance,  as  in  others  previously  described  by  us,  with  a  reduction  in  the 
blood  sugar.  It  is  also  obvious  that  the  diminution  of  the  sugar  of  the 
blood  under  these  conditions  is  an  item  of  interest  in  connection  with  the 
greater  heat  production,  as  well  as  possible  changes  in  basal  metabolism, 
which  doubtless  occurs  in  coincidence  with  it. 

Consideration  of  data.  Effects  of  cold  on  blood  sugar.  The  beginning 
of  this  study  was  not  planned  as  a  study  of  the  effects  of  cold  on  the  blood 
sugar;  these  effects  were  encountered-  in  the  pursuit  of  infonnation  on 
normal  sugar  values.  A  summary  of  the  sugar  concentrations  obtained 
from  various  kinds  of  pigeons  at  various  periods  with  reference  to  the  onset 
of  cold  weather  is  given  in  table  1.  It  will  be  seen  that  three  of  the  f^ur 
kinds  of  adult  pigeons  maintained  their  nomial  (sunmier)  1  )looil  sugar  con- 
centrations to  October  15.  But  the  birds  of  these  three  adult  groups, 
together  with  corresponding  groups  of  young  birds  which  were  examined 
between  October  20  to  29,  all  gave  lower  than  normal  sugar  values  (the 
adult  ring  dove  value— 148— seems  insignificantly  reduced).  Tiie  fourth 
group— the  ''scraggly"  common  pigeons— gave  reduced  sugar  concentra- 
tions as  early  as  the  end  of  September.  The  special  case  of  this  nnper- 
fectly  feathered  variety  will  be  considered  later. 
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Our  explanation  of  this  apparent  reduction  of  sugar  values  may  next  be 
given.  On  October  19  and  20  the  Ijirds  were  exposed  to  a  fall  of  the  exter- 
nal temperature  to  30°  and  33°F.  This  involved  a  sudden  temperature 
fall  of  about  10°F.  below  the  minimum  of  any  preceding  day  of  the  autumn; 
and  on  both  of  these  days  the  low  temperatures  were  accompanied  by  winds 
of  relatively  high  velocity  (mean,  19.3  and  21.0  miles  per  hour)  which 
added  much  to  the  cooling  power  of  the  air. 

The  adult  ring  doves  listed  in  table  1  do  not  show  a  significant  effect 
of  the  cold  weather  when  considered  as  a  single  group.  Probably  this  is 
because  five  of  the  nine  birds  examined  were  chosen  from  the  one  of  our 

TABLE  1 
Summary  on  variations  of  blood  sugar  during  onset  of  cold  weather 


KIND  OF  PIGEON 


Common  pigeons 

Common  pigeons  (younj 


Scragglies 

Scragglies  (young) 

Ataxics 

Ataxies  (young) . . . 


Ring  doves 

Ring  doves  Tyoung) . 


AMOUNT  OF  BLOOD  SUGAR  (mGM.  PER  100  CC.) 


April  28 

to 

September  15 


No. 


37 

16 

21 

2 

4 
4 

26 
6 


Mgm. 


181 
183 

160 
155 

180 
184 

149 
149 


September  21 

to 

October  8 


No. 


16 


Mgm. 


182 


148 


183 
155 

149 


October 
13  to  15 


No. 


Mgm. 


190 


140 
134 

188 
160 

149 


Oftober 
20  to  29 


No.   Mgm. 


175^ 
143 

150 


150 
159 

148 
121 


November 
18  to  20 


No. 


Mgm. 


180 
185 

149 


175 


*  Four  of  the  seven  tests  were  on  "ovulation"  stages  and  should  have  shown 
higher  than  normal  sugar  concentrations. 


five  buildings  best  protected  from  cold  and  wind.  The  blood  samples 
from  these  five  birds  were  drawn  on  October  20  and  21.  This  was  before 
any  effects  of  cold  weather  were  understood,  but  it  was  nevertheless  thought 
advisable  to  use  birds  least  exposed  to  cold  since  ''normal"  sugars  were 
sought  and  cold  weather  was  an  untested  factor.  The  five  birds  chosen 
from  protected  quarters  showed  slightly  more  (153  mgm.)  than  the  normal 
sugar  value  (149  mgm.);  and  the  four  adult  ring  doves  which  were  taken 
from  more  exposed  locations  showed  slightty  less  (142  mgm.)  than  normal 
sugar.  The  young  ring  doves  all  clearly  showed  lower  than  normal  values 
(average,  121  mgm.).  In  reality  therefore  it  may  be  said  that  the  ring 
doves,  like  the  common  pigeons  and  ataxics,  showed  decreased  amounts  of 
blood  sugar  after  severe  and  prolonged  exposure  to   cold.     The  data 
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suggest  that  the  effects  of  cold  appeared  earlier  and  were  more  severe  in 
the  young  birds  than  in  the  adults  of  the  various  groups. 

The  summaries  of  table  1  give  data  for  kinds  or  groups  of  birds  at  various 
dates,  but  measurements  made  on  the  same  individual  at  various  dates 


TABLE  2 
Blood  sugar  tests  on  individual  birds  before  and  after  onset  of  cold  weather 


A^IOUNT  OF  BLOOD  BUOAH 

(mom.  PEB  100  OC.) 

NUMBER  OF 
BIBD 

TIME  OF  TAKING 
E.VRLIEB  S.VMPLEa 

KIND 

From 
earlier 
samples 

October 
20  to  29 

Novem- 
ber 
18  to  20 

( 

1 

Sept.  22-24 

195 

180- 

2 

Sept.  24 

195 

175* 

3 

Oct.      7-8' 

183 

170* 

4 

Oct.    14-15 

193 

178* 

193 

Adult  common  pigeons < 

5 

Oct.    13-14 

198* 

168* 

6 

Oct.      7-8 

183 

175 

7 

183 

180 

Average 

191 

m* 

180 

( 

8 

12S 

183 

9 

128 

175 

10 

125 

185 

11 

155 

188 

Young  common  pigeons 

12 

130 

185 

13 

150 

183 

14 

133 

193 

15 

153 

190 

Average 

138 

185 

Adult  ata.xic 

1 
1 

Oct.     6-7 
Sept.  23 

185 
175 

145 

175 

2 

Sept.  23 

145 

155 

Adult  scragglies 

3 
4 

.  Oct.      7-14 
Oct.      7-14 

128 
138 

153 

153 

Average 

147 

ISO 

153 

*  Ovulation  stages  and  the  blood  sugar  should  have  been  higher  than  normal. 

are  not  separately  presented  there.  The  data  for  individuals  examined 
after  the  onset  of  cold  weather,  and  also  at  an  earher  or  a  still  later  period, 
are  listed  in  table  2.  Inspection  of  these  data  will  show  that  they  fully 
support  the  conclusions  drawn  from  the  combined  data  of  table  1. 

The  "scraggly"  pigeons  are  a  mutational  variety  derived  from  common 
pigeons.  In  these  birds  all  of  the  epidermal  system  is  affected  and  none  of 
the  feathers  are  normally  formed;  the  birds  cannot  fly  because  the  wing 
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feathers  offer  too  little  resistance  to  the  air;  also,  the  loose  and  deficient 
feathering  is  obviously  incapable  of  a  normal  conservation  of  body  heat, 
so  that  birds  of  this  type  can  survive  the  winter  only  when  kept  in  heated 
buildings.  It  is  significant  therefore  that  the  weather  of  the  early  autumn 
period— even  as  early  as  the  end  of  September — was  sufficient  to  cause  a 
reduction  in  the  blood  sugar  of  these  birds.  In  this  case  it  is  also  notable 
that  the  reduced  sugar  concentrations  persisted  (table  1)  during  the  period 
of  nearly  two  months  covered  by  the  measurements.  The  earlier  decrease 
of  the  blood  sugar  and  the  longer  continuance  of  this  decrease  in  these 
scragglies,  together  with  the  results  from  the  five  ring  doves  from  protected 
quarters,  indicate  that  the  observed  decrease  is  not  a  purely  seasonal 
fluctuation  or  annual  rhythm  unrelated  to  cold. 

It  should  be  pointed  out  that  after  October  30  all  of  the  birds  were  given 
some  protection  against  cold,  and  were  completely  protected  against  wind, 
by  the  replacement  of  the  glass  sides  of  the  buildings  in  which  the}'  were 
confined.  It  will  be  noted  that  three  weeks  after  providing  this  partial  pro- 
tection from  cold  the  blood  sugars  of  common  pigeons  and  of  ataxics  had 
again  become  apparently  normal.  The  reduced  sugar  values  persisted, 
however,  in  the  scragglies.  No  data  were  obtained  for  ring  doves  at  this 
period.  We  do  not  feel  able  to  speak  confidently  concerning  the  time  and 
conditions  necessary  for  a  recovery  of  nomial  sugar  values  in  any  birds 
except  the  young  common  pigeons.  In  this  case  it  is  clear  (table  2)  that 
the  normal  sugar  value  was  restored  from  a  very  low  level  within  a  period 
of  three  or  four  weeks.  Further  definite  data  concerning  the  temperatures 
of  the  period  covered  by  this  study  are  given  in  the  following  section  and  in 
figure  1. 

Effects  of  cold  on  the  rate  of  ovulation.  We  have  attempted  to  show 
the  fluctuations  of  ovulation  rate  in  relation  to  the  external  temperatures 
by  means  of  curves  in  figure  1.  The  temperature  curve  is  based  on  the 
records  of  the  Weather  Bureau  in  New  York  City  (32  miles  distant). 
Those  temperatures  do  not  very  accurate^  describe  the  local  temperatures 
at  Cold  Spring  Harbor  where  the  temperatures  were  usuallj--  lower  during 
this  period.  All  of  the  very  low  local  temperatures  were  recorded  during 
this  period,  and  the  four  arrow-heads  on  the  curve  represent  these  lowest 
local  daily  temperatures  as  registered  prior  to  November  25.  These  lowest 
minimum  daily  temperatures  occurred  on  October  19,  November  10,  1-4 
and  24.  Our  lack  of  a  complete  record  of  local  temperatures  seems  to 
require  the  use  of  the  New  York  City  temperatures  for  purposes  of  the 
curve. 

The  number  of  eggs  laid  may  here  be  taken  as  a  sufficiently  close  measure 
of  the  number  of  ovulations.  If  the  number  of  eggs  laid  during  5-day 
periods,  from  October  1  to  November  24,  be  plotted  in  the  fonn  of  curv^es, 
we  obtain  results  indicated  in  the  figure.     The  two  most  numerous  groups 
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or  kinds  of  pigeons  in  our  collection  are  here  figured  separately.  The  rate 
of  ovulation  in  the  ring  doves — from  which  larger  numbers  and  more 
reliable  data  were  obtained — promptly  decreased  after  the  two  periods 
of  notably  low  temperatures.  The  common  pigeons  show  some  or  much 
dechne  in  ovulation  rate  slightly  preceding  these  periods  of  lowest  tempera- 
tures, but  minimal  rates  follow  both  periods  of  lowest  temperatures.  Both 
ring  doves  and  common  pigeons  show  at  least  partial  recovery  coincident 
with  the  general  rise  in  the  temperature  curve  (October  30  to  November 
9) — a  period  also  coincident  with  their  partial  protection  from  cold  as  a 
result  of  the  enclosure  of  their  quarters. 


70 


60 


50. 


MINIMUM    TEMPERATURES 

(NEW  YORK  CITY) 


n 


40  EGGS  (RING  DOVES) 


30 


20 


EGGS  (COMMON  PIGEONS) 


10 


10         15        20 

OCTOBER 


9  14         19 

NOVEMBER 


Fig.  1.  Showing  curves  for  the  ovulation  rate  of  common  pigeons  and  ring  doves 
during  the  approach  of  cold  weather— October  and  November,  1922.  Days  of  the 
months  on  base  line.  The  ordinates  represent  the  number  of  eggs  produced  (ovula- 
tions) in  5-day  periods,  and  also  temperature'  (degrees  F.).  Upper  curve,  minimum 
temperatures  of  New  York  City.  The  arrow-heads  show  local  minimum  tempera- 
tures. 

By  still  other  data  it  can  be  shown  that  the  season  of  increasing  cold- 
October  1  to  January  1— is  characterized  by  a  reduced  rate  of  ovulation  in 
pigeons.  The  temperature  curve  of  figure  1  indicates  a  general  decline 
of  temperature  during  October  and  November,  1922.  The  records  for 
December  are  not  figured  but  they  show  a  similar  decline.  In  table  3  wf 
have  summarized  data  on  the  rate  of  egg  production  by  15  individual  nujz 
doves  for  a  period  which  includes  all  of  the  year  1922,  and  therefore  tlie 
period  covered  by  figure  1,  together  with  the  succeeding  winter  period— 
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January  1  to  April  1.  The  15  birds  selected  for  tabulation  are  those  show- 
ing highest  egg  production  among  a  group  of  40  birds  given  opportunity  to 
produce  the  maximum  nmiiber  of  eggs  during  this  period. 

The  tabulated  data  clearly  show  that  the  period  of  falling  external 
temperature — October  to  Januaiy — is  the  period  of  lowest  egg  production 
(107);  and  that  the  highest  rate  (280)  is  from  April  1  to  July  1.  During 
this  latter  period  the  temperature  is  already  fairly  high  and  is  continually 
rising.  That  the  decline  in  ovulation  rate  is  not  the  result  of  sickness, 
with  peraianent  suppression  of  egg  production  toward  the  end  of  the  year, 
is  shown  by  the  rise  in  ovulation  rate  during  the  next  following  3-month 
period.  The  details  of  the  data  further  show  that  the  period  from  October 
1  to  January  1  is  also  a  period  during  which  a  high  percentage  of  clutches  of 
"single"  instead  of  "paired"  yolks  are  ovulated. 

Discussion.  The  data  of  this  paper  make  it  clear  that  pigeons  recently 
exposed  to  such  low  temperatures  as  are  normally  met  with  in  late  autumn 
usually  show  abnormal  concentrations  of  reducing  substances  in  the  blood, 
if  the  concentration  found  during  the  summer  is  taken  as  the  normal. 
Much  the  more  frequently  the  blood  sugar  values  are  found  to  be  too  low 
after  exposure  to  cold.  In  most  kinds  of  pigeons  the  blood  sugar  apparently 
returns  to  the  normal  after  an  interval  not  now  definitely  known,  A 
notable  reduction  of  sugar  values  was  found  1,  2,  3,  8  and  9  days  after  a 
tempoi-ary  exposure  to  a  temperature  of  30°F.  and  during  continued  expo- 
sure to  less  severe  cold.  It  is  therefore  clear  that  blood  sugars  obtained 
from  birds  recently  exposed  to  cold  are  not  comparable  with  those  not 
thus  exposed;  and  failure  to  recognize  this  factor  may  introduce  serious 
error  into  results  obtained  from  pigeons  and  probably  also  from  many 
other  animals. 

Flinn  and  Scott  (7)  have  studied  the  immediate  effect  of  higher  tempera- 
tures during  1  to  6  hours  on  the  blood  sugar  of  dogs.  At  20°C.  they  found 
during  6  hours  a  fairly  uniform  fall  in  the  concentration  of  the  sugar  of  the 
blood,  but  the  fall  is  ascribed  to  the  continued  quiet  of  the  dog  rather  than 
to  the  temperature.  At  30°,  however,  this  continued  decline  was  scarcely 
observable  bej^ond  the  second  hour.  At  45°  and  50°C.  during  1  hour,  the 
blood  sugar  was  increased.  Hopping  (8)  found  in  the  alligator  a  decrease, 
interpreted  as  a  seasonal  variation,  in  the  blood  sugar  during  November- 
December  though  the  environmental  temperature  varied  but  little. 

The  observed  reduction  of  both  blood  sugar  and  ovulation  rate  as  a 
result  of  the  onset  of  cold  weather  supplies  an  additional  instance  of  this 
mode  of  association  of  the  blood  sugar  and  ovulation.  It  has  earlier  been 
shown  by  Riddle  (1)  that  most  ovulations  in  ring  doves  are  suppressed 
by  the  injection  twice  daily  of  insuhn  in  doses  sufficient  to  reduce  the  blood 
sugar  to  62-82  during  1  to  4  hours.  We  (2)  have  further  shown  that  close 
confinement  or  inactivity  during  3  to  5  weeks  suppresses  ovulation  and 
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markedly  lowers  the  blood  sugar.  On  the  other  hand,  we  have  made  it 
clear  that  a  temporary  increase  of  the  blood  sugar  occurs  in  coincidence 
with  the  ovulation  period  in  pigeons  (3),  (4).  Parallel  with  the  latter 
observation  Riddle  (5),  (6)  had  earlier  found  a  temporary  hypertrophy  of 
the  suprarenals  at  the  ovulation  period.  All  of  these  observations  suggest 
that  ovulation  in  birds  is  normallj^  associated  with  the  capacity  of  the 

TABLE  3 
The  ovulation  rate  during  the  four  seasons  of  the  year  as  found  for  the  15  ring  doves 
having  highest  rate  of  ovulation  during  the  year  1922 


NUMBER  OF  EGGS  LAID  DURING  THE  FOUR  SEASONS  OP  THE  TEAR 

NUMBER  or  BIRD 

January  1  to 
April  1 

April  1  to 
July  1 

July  1  to 
October  1 

October  1  to 
January  1 

January  1  to 
April  1 

Total 

Singles 

Total 

Singles 

Total 

Singles 

Total 

Singles 

Total 

Singles 

1 

22 

24 

21 

1 

12 

20 

2 

19 

1 

22 

21 

1 

9 

19 

1 

3 

18 

18 

2 

18 

11 

18 

4 

20 

22 

21 

1 

5 

12 

4 

5 

18 

18 

14 

11 

IS 

6 

16 

18 

18 

6 

14 

7 

14 

14 

22 

5 

14 

8 

14 

20 

18 

5 

14 

9 

15 

1 

19 

1 

12 

10 

12 

2 

10 

11 

1 

19 

1 

16 

7 

14 

11 

10 

2 

22 

15 

1 

7 

12 

12 

12 

18 

18 

5 

14 

13 

12 

18 

12 

8 

12 

14 

13 

1 

16 

11 

1 

4 

8 

15 

12 

2 

12 

11 

1 

2 

10 

2 

Totals 

226 

8 

280 

4 

248 

6 

107 

9 

211 

9 

Per  cent 

"singles". . . 

3.5 

2.1 

2.4 

8.4 

4.3 

organism  to  effect  a  temporary  increase  of  the  sugar  level  beyond  the  nor- 
mal, and  that  conditions  which  oppose  this  raising  of  the  sugar  level  tend 
to  suppress  ovulation  in  pigeons. 

The  effect  of  exposure  to  cold  on  the  blood  sugar  as  here  observed  by  us, 
and  the  changes  in  blood  sugar  and  suprarenal  size  at  ovulation  as  previ- 
ously described  by  us,  may  next  be  considered  in  relation  to  observations 
that  have  been  made  on  the  effect  of  cold  on  the  secretion  of  adrenin, 
and  to  metabolic  changes  effected  by  prolonged  exposure  to  cold.  Cranier 
(9)  subjected  mice  to  cold  and  observed  that  the  suprarenals  of  those  mice 
which  best  resisted  this  exposure  were  well  charged  with  adrenalin,  while 
those  that  died  from  such  exposure  contained  little  adrenalin.    Possibly 
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the  supply  of  adrenin  was  here  exhausted  in  the  emergency  mcrease  of 
heat  production.  Very  recently  Hartman  and  Hartman  (10)  have  re- 
ported that  "cooling  the  skin  of  an  animal  (cat)  by  ice,  by  immersion  in 
cold  water,  or  by  evaporation  of  water  from  the  skin,  causes  an  increase  in 
output  of  epinephrin." 

In  the  above  observations  the  time  at  which  the  increased  adrenin 
output  was  found  and  measured  was  only  a  matter  of  minutes  or  hours 
after  the  application  of  cold.  It  seems  probable  that  the  increased  adrenin 
output  in  both  of  the  cases  cited  above  was  of  too  short  duration  to  be 
really  comparable  with  the  periods  after  cold  at  which  we  have  found  de- 
creased concentrations  of  blood  sugar;  that  the  duration  of  the  hyperse- 
cretion continued  long  be3''ond  the  period  observed  is,  however,  a  possi- 
bility. Higher  sugar  values  would  ordinarily  be  expected  during  the 
period  of  an  increased  adrenin  output,  but  a  lower  sugar  value  could 
result  if  the  rate  of  sugar  combustion  were  eventuallj^  to  become  dis- 
proportionately high.  It  is  further  notable  that  the  high  blood  sugars 
which  we  (3),  (4)  have  found  associated  with  ovulation  were  accompanied 
by  something  other  than  a  mere  transient  secretion — namely,  by  a 
hypertrophy  lasting  several  days  (5) ,  (6) . 

Whether  the  observed  reduction  of  blood  sugar  and  of  retarded  ovulation 
rate  were  accompanied  by  changes  in  basal  metaboUsm  is,  though  un- 
answerable, a  question  of  some  importance;  for,  in  one  similar  and  previ- 
ously described  (2)  association  of  suppressed  ovulation  with  reduced  blood 
sugar,  there  can  be  little  doubt  that  the  metabolism  was  lowered.  In 
the  present  case,  however,  the  conditions  are  those  which  some  investiga- 
tors consider  effective  in  raising  the  basal  metaboUsm.  On  this  point  it 
may  first  be  noted  that  in  several  communications  Boothby  and  Sandiford 
(11)  have  contributed  evidence  that  adrenalin  raises  the  basal  metabolism. 
If  this  is  a  fact,  and  if  also  the  adrenin  output  under  the  stimulus  of  cold 
is  maintained  for  much  longer  periods  than  those  already  demonstrated  by 
Cramer  and  the  Hartmans  and  cited  above,  the  presence  of  an  increased 
metabolism  in  the  birds  studied  bj^  us  is  made  highty  probable.  Cannon, 
Mclver  and  Bliss  (12)  have  very  recently  suggested  that  the  suprarenals 
do  serve  as  an  important  part  of  the  mechanism  which  prevents  the  attain- 
ment or  continuance  of  too  low  a  percentage  of  sugar  in  the  blood. 

In  a  report  on  carefully  conducted  tests  of  the  effects  of  out-of-door 
and  indoor  conditions  upon  metabolism  Campbell,  Hargood-Ash  and 
Hill  (13)  conclude  that  "the  basal- metabolism  of  the  body  cells  is  raised  by 
cool  out-of-door  conditions,  and  that  shivering  is  not  necessary  to  raise 
metabolism.  The  metabolism  is  raised  by  cooling  power,  not  by  tempera- 
ture." Some  investigators  of  the  subject,  however,  do  not  consider  cold, 
apart  from  shivering,  capable  of  raising  the  basal  metabolism.  One  of  us 
has  obtained  indirect  evidence,  not  easily  incorporated  here,  which  is  in 
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best  accord  with  the  view  that  the  basal  metaboHsm  of  pigeons  is  increased 
during  the  approach  of  cold  weather  in  the  autumn.  These  several  con- 
siderations suggest — though  they  do  not  establish  the  point — that  the 
suppression  of  ovulation,  along  with  decreased  blood  sugar,  is  sometmies 
(after  close  confinement)  associated  with  a  lowering  of  the  basal  metabo- 
lism; and  at  other  times,  as  in  the  case  of  cold  weather,  with  an  increased 
basal  metabolism. 

SUMMARY 

Recent  and  prolonged  exposure  to  out-of-door  air  of  strong  cooling  power 
results  in  a  marked  lowering  of  the  concentration  of  the  sugar  of  the  blood 
of  pigeons. 

Failure  to  recognize  this  effect  of  cold  is  or  maj-  be  a  source  of  error  in 
measurements  of  the  normal  sugar  level  in  the  blood. 

The  same  temperature  conditions  which  effect  a  decrease  in  the  blood 
sugar  also  diminish  the  rate  of  ovulation.  At  the  same  time  a  high  per- 
centage of  single  or  "unpaired"  ovulations  replace  normal  paired  ovulations. 

The  data  supply  further  evidence  that  ovulation  in  birds  is  nomially 
associated  with  the  capacity  of  the  organism  to  effect  a  temporary  increase 
of  the  blood  sugar  above  its  nomial  concentration,  and  that  conditions 
which  oppose  this  capacity  tend  to  suppress  ovulation. 

Some  facts  suggest  that  a  decrease  of  both  blood  sugar  and  ovulation 
rate  is  sometimes  associated  with  a  decreased  and  sometimes  with  an 
increased  basal  metabolism. 
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The  question  whether  cardiac  acceleration  maj-  occur  independently 
of  the  inhibitor}^  center  is  one  which  has  been  more  or  less  discussed 
in  the  literature  for  the  past  twent^'-five  A^ears  or  more.  However,  our 
views,  and  especiall}^  the  views  presented  in  a  great  man}-  textbooks  of 
physiology,  are  stiU  somewhat  hazj-  on  the  subject.  In  spite  of  a  great, 
many  papers  in  the  journals  on  the  subject,  it  is  still  an  open  one, 
although  many  experiments  have  been  performed  to  prove  one  view  or  the 
other.  There  are  two  possibilities  under  which  cardiac  acceleration 
may  occur  in  an  animal,  since  there  arc  two  mechanisms  antagonistic 
to  each  other  which  are  at  work  controlling  the  heart.  While  one  tends 
to  inhibit  the  heart  and  thus  keep  its  rate  down,  the  other  tends  to  ac- 
cflerate  the  heart  and  thus  increase  its  rate.  The  question  then  arises 
which  of  these  two  antagonisticall}-  different  mechanisms  causes  an 
increased  heart  rate?  Theoretically,  then,  we  may  svcy  that  cardiac 
acceleration  ma}'  be  due  to 

1.  A  reflex  depression  of  the  inhibitory  center  or,  in  other  words,  in- 
hibition of  inhibition. 

2.  A  positive  activity  of  the  accelerator  center,  reflexly  or  otlierwise. 
These  two  views  are  actually  presented  to  us  in  the  literature  and  each 

view  has  its  adherents.  Hunt  (1)  presents  the  view  that  cardiac  accelera- 
tion may  occur  only  through  a  depression  of  the  vagus  action.  He  claims 
that  reflex  cardiac  acceleration  is  caused  by  inhibition  of  the  cardio- 
inhibitory  center  and  that  he  could  find  no  evidence  that  the  accelerator 
nerves  are  ever  thrown  into  activity  reflexly.  He  also  claims  that  the 
most  important  function  of  the  accelerator  nerves  seems  to  be  connected 
with  their  tonic  action;  aside  from  this  their  function  is  obscure. 

Gasser  ^m\  Meek  (2)  claim  that  the  acceleration  of  the  heart  at  the 
beginning  of  voluntaiy  exercise  in  the  nonnal  animal  is  chiefly  due  to 
the  decrease  in  the  tone  of  the  cardio-inhibitory  center.  Their  work 
leads  them  to  believe  that  the  accelerators  are  a  factor  of  safety  and  that, 
in  exercise,  their  action  is  superimposed  on  that  of  the  vagi  only  in  tune 
of  great  need.  Aside  from  this,  these  authors  claim  that  their  function 
is  to  maintain  the  level  of  the  resting  pulse. 
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Roy  and  Adami  (3)  and  MacWilliam  (4)  also  state  that  cardiac  ac- 
celeration may  occur  only  through  a  depression  of  the  vagus  function, 
and  that  the  accelerators  are  in  no  way  concerned  with  cardiac  accelera- 
tion. A  great  many  more  cases  might  be  cited  where  the  conclusion  has 
been  reached  that  cardiac  acceleration  may  occur  only  through  a  depres- 
sion of  the  vagus  function,  but  the  few  mentioned  above  will  suffice  for 
the  present. 

Hunt  and  other  adherents  of  the  first  theory  presented  showed  that 
cardiac  acceleration  may  occur  if  a  sensorj^  nerve  is  stimulated  when  the 
vagi  and  the  accelerators  are  intact  but  that  no  accleration  could  be  shown 
after  the  vagi  were  sectioned  and  a  sensory  nerve  stimulated.  They 
also  showed  that,  even  when  the  heart  was  slowed  by  stimulation  of  the 
peripheral  end  of  one  of  the  cut  vagi,  no  cardiac  acceleration  could  be 
obtained  if,  at  the  same  time,  a  sensory  nerve  was  stimulated.  Hunt 
(loc.  cit.)  also  showed  that  if  the  accelerators  were  sectioned  with  the 
vagi  intact,  stimulation  of  a  sensoiy  nerve  did  give  an  accelerated  heart 
rate.  As  a  result  of  all  these  experiments  Hunt  and  others  inclined  to 
the  view  that  cardiac  acceleration  ma}'  occur  only  through  an  inhibition 
of  the  cardio-inhibitoiy  center. 

Opposed  to  this  view  is  the  second  supposition  that  cardiac  acceleration 
may  be  due  to  a  positive  activity  of  the  accelerator  nerves  reflexly  through 
the  accelerator  center.  This  view,  too,  has  many  adherents,  and  only  a 
few  of  their  results  will  be  discussed  here. 

Bayliss  (5)  stimulated  the  depressor  nerve  in  a  rabbit  after  the  vagi 
had  been  sectioned  and  obtained  a  definite  increase  in  the  rate  of  the 
heart.  Since  the  vagi  were  no  longer  present,  it  would  seem  that  this 
experimental  result  was  contrary  to  the  view  proposed  by  Hunt  and 
strengthens  the  view  that  cardiac  acceleration  may  occur  independently 
of  the  vagus  center. 

Hering  (6)  reaches  the  conclusion  that  cardiac  acceleration  after  mus- 
cular exercise  is  dependent  on  the  integrit}^  of  the  accelerator  ner\'es. 

Hooker  (7)  in  a  series  of  experiments  on  the  question  of  cardiac  accelera- 
tion reaches' the  conclusion  that  there  is  positive  evidence  that  reflex 
cardiac  acceleration  may  occur  independently  of  the  cardio-inliibitory 
center.  This  author  also  claims  that  there  is  a  physiological  maximum 
rate  of  the  heart  which  is  usually  reached  after  section  of  the  vagi  and 
beyond  which  it  can  only  with  difficulty  be  increased.  He  further  states 
that,  if  such  is  the  case,  the  limited  amount  of  evidence  in  the  literature 
favoring  reflex  cardiac  acceleration  through  the  accelerator  center  is 
easy  of  explanation. 

Recently  the  papers  of  Wickwu-e  (8),  Yates  (9),  Winkin  (10)  and 
Tulgan  (11)  have  brought  out  some  further  evidence' on  the  functions 
of  the  cardiac  nerves,  and  as  a  result  it  seemed  advisable  to  reopen  the 
question  of  cardiac  acceleration. 
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Experimental  procedure.  All  these  experiments  were  done  on  cats. 
The  laboratory  procedure  was  ether  anesthesia  and  tracheotomy.  Blood 
pressure  and  heart  rate  were  recorded  by  means  of  a  mercur}--  manometer 
connected  to  the  left  carotid  artery.  Records  were  made  on  a  Hurthle 
kjanograph.  The  time  was  recorded  in  seconds  by  a  Jacquet  chrono- 
graph. A  signal  magnet  served  as  the  base  line  for  blood  pressure  and 
also  indicated  by  a  mark  stimulation  of  a  nen'e  or  any  other  procedure. 
The  heart  rate  was  later  computed  in  number  of  beats  per  10-second 
intervals.  In  all  cases  a  control  tracing  of  blood  pressure  and  heart 
rate  was  taken  before  any  other  procedure  was  attempted.    The  depth 


Fig.  1.    Stimulation    of  the   central  end   of  the  sciatic   with  the  vagi  and  the 
accelerators  intact. 

of  anesthesia  was  uniform  throughout  the  experiment  in  each  case.  At 
all  times  a  sufficient  amount  of  ether  was  given  to  abolish  all  sense  of 
pain  in  the  animals. experimented  on. 

I.  Stimulation  of  the  sciatic  nerve  with  the  vagi  and  accelera- 
tors INTACT.  After  a  normal  tracing  of  blood  pressure  and  heart  rate 
was  taken,  the  sciatic,  and  in  some  cases  the  brachial,  nerve  was  divided 
and  the  central  end  stimulated  with  a  medium  tetanizing  current.  A 
definite  rise  in  blood  pressure  and  an  increased  heart  rate  were  obtained 
in  everj'  case.  Since  the  vagi  and  the  accelerators  were  intact,  it  would 
be  impossible  to  judge  from  these  results  whether  cardiac  acceleration 
in  this  case  was  due  to  inhibition  of  the  vagi  or  to  a  positive  activity  of 
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the  accelerators,  but  when  the  results  obtained  in  this  case  are  contrasted 
with  the  results  obtained  in  the  next  series  of  experiments,  the  value  of 
this  experiment  will  be  evident. 


RATE  IN 
10  8BCO?fDS 

Normal 

32 

Stimulation  of  the  central  end  of  the  sciatic,  vagi  and  accelerators 
intact 

40 

II.  Stimulation  of  the  scl\tic  nerve  w^ith  the  vagi  intact,  and 
THE  STELLATE  GANGLIA  REMOVED.  In  this  scrics  of  experiments  the  cen- 
tral end  of  the  sciatic  nerve  was  stimulated  after  the  stellate  ganglia 
had  been  removed.     The  method  used  for  the  dissection  of  the  stellates 


^H'i^mfi»(imm'm^m^ 


Fig.  2     Stimulation  of  the  cential  end  of  the  sciatic  with  the  vagi  intact  and  the 
accelerators  cut. 


has  been  described  in  a  previous  paper  (11)  and  therefore  need  not  be 
repeated  here.  The  effect  of  the  stimulation  in  this  case  caused  a  slightly 
increased  blood  pressure  but  there  was  no  evidence  of  any  increase  in  the 
heart  rate.  With  the  vagi  still  intact  it  is  difficult  to  see  why  an  increased 
heart  rate  should  not  be  obtained  if  the  theoiy  that  cardiac  acceleration 
is  due  to  an  inhibition  of  the  inhibitory  nei-ves  is  correct.  Since  we  do 
get  an  increased  heart  rate  with  the  accelerators  and  the  vagi  intact, 
and  do  not  get  any  increase  in  heart  rate  with  the  accelerators  sectioned, 
it  would  seem  more  likely  that  an  increase  in  heart  rate  in  this  case  is  due  to 
the  accelerators  and  not  to  the  vagi. 
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Normal  rate  after  removal  of  the  stellate  ganglia 

Stimulation  of  the  central  end  of  the  sciatic,  vagi  intact,  stellate 
ganglia  removed 


RATE  IS 
10  SECONDS 


32 
32 


III.  Effect  of  stimulation  of  a  sensory   nerve    while  at  the 

SAME   time    stimulating    THE    PERIPHERAL    END  OF  ONE  OF  THE  CUT  VAGI. 

If  we  assume  with  Hooker  that  the  heart  has  a  physiologically  maxinuun 
rate  which  is  obtained  when  the  vagi  are  sectioned,  and  beyond  which 
rate  it  is  practically  impossible  to  increase  it,  it  is  evident  that  after 
section  of  the  vagi  no  increase  in  rate  can  be  obtained  on  stimulation 
of  a  sensoiy  nerve  because  the  heart  is  already  at  its  phj'siological  maxi- 
mum rate.  If,  however,  we  can  slow  the  heart  up  somewhat  and  then 
stimulate  a  sensoiy  nerve  we  should  expect  an  increase  in  the  heart  rate 
to  occur.  This  was  actually  done  in  the  following  manner.  After  the 
vagi  had  been  sectioned,  the  peripheral  end  of  one  of  the  cut  vagi  was 
stimulated  and  the  heart  rate  thus  decreased.  At  the  same  time  the 
central  end  of  the  cut  vagus  was  also  stimulated.  The  rate  immediately 
increased  and  stayed  higher  until  the  stimulus  was  removed  from  the 
sensory  nerve.  Immediately  the  heart  rate  slowed  up  again,  since  the 
stimulation  of  the  peripheral  end  of  the  vagus  was  continued  througliout 
the  period.  The  same  experiment  was  done,  using  the  central  end  of  the 
sciatic  instead  of  the  central  end  of  the  vagus,  with  the  same  results. 

It  would  seem  from  these  results  that  cardiac  acceleration  may  occur 
through  the  accelerator  center  provided  the  heart  is  not  at  its  physio- 
logically maximum  rate  under  which  circumstances  no  further  accelera- 
tion can  occur. 

Summary.  At  least  50  experiments  were  done  on  cats  to  determine 
whether  cardiac  acceleration  is  due  to  a  decreased  activity  of  the  vagi  or 
to  a  positive  activity  on  the  part  of  the  acclcrators.  Representative 
tracings  of  the  three  methods  of  attacking  this  problem  are  given.  From 
the  results  obtained  it  would  seem  that,  cardiac  acceleration  is  due  to  a 
positive  activity  of  the  accelerator  nerves  and  not  wliolly  to  a  decrrastHJ 
activity  of  the  vagi. 

If  a  sensory  nerve  is  stimulated,  and  in  these  exi)eriincnt.s  the  ceniral 
end  of  the  vagus,  the  sciatic  and  the  brachial  were  used,  with  the  ^'agi 
and  the  accelerators  intact,  a  definite  increase  in  heart  rate  is  observed. 
This  may  be  due  either  to  a  positive  activity  of  the  accelerators  rellexly 
through  the  accelerator  center,  or  to  a  decreased  activity  of  the  vagi 
reflexly  through  the  inhibitory  center.  If  we  assume  that  the  heart  rate 
is  at  its  physiologically  maximum  rate  when  the  vagi  are  sectioned,  and 
that  we  cannot  get  any  further  increase  on  stimulation  of  a  sensory  nerve, 
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then  with  the  vagi  intact  the  heart  is  not  beating  at  its  maximum  rate 
and  consequently  a  definite  increase  in  the  rate  should  be  obser\'ed  on 
stimulation  of  a  sensory  nerve.  This  increase  is  actually  obtained  (fig.  1) 
and  is,  as  I  believe,  due  to  a  positive  activity  of  the  accelerators,  as  the 
next  series  of  experiments  shows. 

In  these  experiments  a  sensory  nerve  was  again  stimulated  but  this 
time  the  stellate  ganglia  were  removed  previously,  and  the  vagi  were  left 


Fig.  3.    Stimulation  of  the  central  end  of  the  vagus  during  the  period  of  stimula- 
tion of  the  peripheral  end  of  the  vagus. 

intact.  No  increase  in  heart  rate  was  ever  observed.  It  is  diflBcult  to 
see  why  cardiac  acceleration  should  occur  as  a  result  of  inhibition  of  the 
vagi  with  the  accelerators  intact  but  why  it  should  not  occur  with  the 
accelerators  removed.  This  experiment  seems  to  prove  that  acceleration 
of  the  heart  with  all  the  cardiac  nerves  intact  is  due,  not  to  an  inhibition 
of  the  vagi,  but  to  a  positive  activity  of  the  accelerators. 
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The  last  series  of  experiments  also  proves  that  if  the  heart  is  not  beating 
at  its  physiological  maximum,  a  definite  increase  in  its  rate  maj^-  be  ob- 
tained when  a  sensor>^  nerve  is  stimulated  even  when  both  of  the  vagi 
have  been  sectioned.  The  heart  rate  may  be  decreased  by  stimulation  of 
the  peripheral  end  of  one  of  the  cut  vagi.  If  now  the  sciatic,  the  brachial, 
or  the  central  end  of  the  vagus  be  stimulated  during  the  time  the  pe- 
ripheral end  of  the  vagus  is  stimulated  a  definite  increase  in  heart  rate  is 
observed.  Just  as  soon  as  the  stimulus  is  removed  from  the  sensory 
nerve  the  heart  immediately  slows  up  again.  Reference  to  figure  3  will 
bring  this  point  out. 

One  thingi  seems  to  have  been  lost  sight  of  in  the  discussion  so  far,  or 
at  least  to  have  received  insufficient  emphasis  in  the  literature.  The 
normal  heart  rate  of  an  animal  rises  when  the  vagi  are  sectioned,  and 
falls  when  the  accelerators  are  divided  subsequently.  The  rate  falls 
when  the  accelerators  are  divided  and  rises  again  when  the  vagi  are 
sectioned  afterward.  Theoretically  the  final  rate  of  the  heart  should  be' 
the  same,  whatever  the  order  in  which  the  nerves  are  eliminated.  The 
rate  of  the  heart  when  all  the  nerves  are  cut  may  be  considered  as  its  own 
autochthonus  rate,  dependent  upon  the  intrinsic  cardiac  mechanism. 
This  should  be  taken  as  the  standard  of  comparison  if  we  are  to  get  a 
correct  idea  of  the  influences  which  regulate  the  heart  rate.  It  should 
be  obvious,  also,  when  the  facts  are  once  presented,  that  inhibition  of 
inhibition  cannot,  of  itself,  give  rise  to  a  rate  any  higher  than  that  of  the 
completely  denervated  heart.  The  limits  of  such  a  change  would  be 
that  observed  when  the  vagi  are  divided  subsequent  to  removal  of  the 
stellates.  It  has  been  shown  (8),  (11),  that  the  rate  of  the  heart  never 
becomes  very  high  when  the  vagi  are  divided  following  the  removal  of 
the  accelerators.  If  the  rate  of  the  heart  becomes  higher  than  that  of  the 
completely  denervated  heart,  some  other  influence  than  mere  inhibition 
of  inhibition  must  be  operative.  The  great  increase  of  heart  rate  after 
section  of  the  vagi  with  the  accelerators  intact  can  not  be  considered  as 
due  to  inhibition  of  inhibition  alone.  The  increase  due  to  inhibition  of 
inhibition  alone  would  be  only  that  difl"erence  between  the  rate  of  the 
heart  as  observed  when  all  the  nerves  are  intact  and  the  rate  which  would 
prevail  when  all  the  nerves  were  cut,  and  only  when  the  latter  is  the  higher 
rate  of  the  two. 

A  concrete  example  of  this  may  be  given.  Suppose  the  observed  rate 
of  the  heart  to  be  60.  After  section  of  the  vagi  it  rises  to  100.  After 
section  of  the  accelerators  it  falls  again  to  70.^    Evidently,  only  tlie 

1  This  was  suggested  by  Prof.  F.  H.  Pike,  to  whom  I  am  very  much  in(lel)tp(l. 

2  Some  observations  on  the  rate  of  the  heart  of  cats  after  complete  elimination  of 
all  central  nervous  influences  are  given  by  Stewart,  Journal  of  Experimental  Medi- 
cine, 1906,  viii,  320,  and  This  Journal,  1907,  xx,  407. 
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increase  from  60  to  70  can  be  regarded  as  due  to  inhibition  of  inhibition. 
The  increase  from  70  to  100  must  be  regarded  as  due  to  the  action  of  the 
accelerators.  If  the  heart  rate  is  60  after  section  of  the  accelerators, 
the  vagi  being  intact,  and  if  it  increases  to  80  on  stimulation  of  an  afferent 
nerve,  the  increase  from  70  to  80  can  not  be  regarded,  without  further 
proof,  as  due  to  inliibition  of  inhibition  alone.  To  regard  this  increase 
above  70  as  due  to  inhibition  of  inliibition  is  to  neglect  the  accelerator 
fibers  in  the  vagus  (12). 

We  may  sum  up  the  argument  by  saying  that  the  increase  in  heart 
rate  above  that  of  the  completely  denervated  heart  cannot  be  regarded 
as  due  to  inhibition  of  inhibition,  but  must  be  due  to  some  accelerator 
influence.  The  clear  recognition  of  these  facts  should  help  to  clear  up 
much  of  the  confusion  in  the  literature. 

CONCLUSIONS 

1.  An  increase  in  the  heart  rate  may  occur  independently  of  the  cardio- 
inhibitoiy  center. 

2.  Provided  the  heart  is  not  beating  at  its  physiologically  maximum 
rate,  a  definite  increase  in  the  rate  may  be  obtained  b}'  stimulation  of 
an  afferent  nerve  after  the  vagi  have  been  sectioned. 
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Weichardt  (1),  in  1904,  put  forth  the  most  remarkable  ideas  concerning 
the  causation  of  fatigue  that  had  been  suggested  since  the  pubhcation, 
in  1865,  of  Ranke's  identification  of  certain  "fatigue  substances."  On 
the  basis  of  a  large  amount  of  experimental  work  Weichardt  claimed 
that  there  is  formed  in  fatigue  not  sunply  the  usually  accepted  fatigue 
substances,  but  a  more  specific  substance,  a  true  "fatigue  toxin, "  analogous 
to  bacterial  toxins,  and  that  this  is  chiefly  responsible  for  fatigue. 

A  little  later  than  his  first  experiments  he  clauned  that  a  substance, 
or  substances,  presumably  identical  with  fatigue  toxin  and  possessing 
similar  fatiguing  properties,  can  be  obtained  from  proteins  outside  the 
living  body,  such  as  egg  albumin  and  the  proteins  of  the  press-juice  of 
non-fatigued  muscles,  by  such  diverse  chemical  and  phj^sical  means  as 
1,  reduction  methods,  by  sodium  sulphite,  sodium  nitrite  and  nascent 
hj^drogen,  obtained  through  the  agency  of  colloidal  platinum,  the  negative 
electrode,  and  other  methods:  2,  oxidation  methods,  by  dilute  nitric  acid, 
hydrogen  peroxide,  the  positive  electrode,  etc.;  and  3,  hydroh'sis.  The 
product  so  obtained  he  named  "kenotoxin."  He  also  mentions  as  sources 
of  kenotoxin  urine,  the  excrement  of  birds,  expired  air,  plant  proteins 
and  bacterial  endotoxins. 

However  obtained,  Weichardt  claimed  that  his  toxin  is  capable  of 
forming  within  the  tissues  of  animals  its  own  antidote,  a  "fatigue  anti- 
toxin," which  will  prevent  the  appearance,  or,  if  already'  present,  wUI 
eliminate  the  customary  phenomena,  of  fatigue.  Other  chemical  sub- 
stances, such  as  succinimide  and  certain  guanidine  derivatives,  possess 
similar  antitoxic  properties.  His  belief  in  the  value  of  his  antitoxin,  or 
antikenotoxin,  was  indicated  by  the  fact  that  he  even  went  so  far  as  to 
apply  for  patents  on  this  product,  in  Germany  in  1903  and  in  the  United 
States  in  1904.  The  latter  was  granted  two  years  later,  and  the  official 
record  of  the  transaction  may  be  found  in  the  report  of  the  U.  S.  Patent 
Office  (2).  ^  - 

Weichardt  has  had  a  few  followers,  some  of  whom  have  presented 
apparently  confirmatory  experimental  evidence  of  his  conclusions,  but 
some  of  whose  results  are  fantastic.  He  has  also  had  certain  worth}' 
opponents  (3). 
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In  his  various  publications  on  fatigue  the  present  senior  author's  at- 
titude has  been  one  of  scepticism  of  Weichardt's  ideas  and  of  a  growing 
beHef  that  fatigue  is  not  a  specific  phenomenon,  caused  by  a  few  specific 
metaboHc  products,  still  less  by  a  specific  toxin,  but  that  it  is  a  convenient 
name  for  the  depression  of  the  working  power,  following  any  one  of  man}' 
metabolic,  or  even  certain  physical,  changes  in  the  organism,  and  that 
many  metabolic  substances  deserve  the  name  '"fatigue  substances."  We 
have,  therefore,  made  an  exj:)erimental  test  of  Weichardt's  hypothesis, 
in  so  far  as  it  pertains  to  the  production  of  a  fatigue  toxin  within  tiie  animal 
organism  by  the  performance  of  muscular  work.  The  reader  of  Wei- 
chardt's successive  papers  finds  occasional  contradictions  in  his  state- 
ments of  experimental  results  and  an  ever-increasing  complexity  of  ex- 
perimental procedure.  We  have  endeavored  to  simplify  the  prol)lem 
and  the  method  and  to  base  our  work  on  the  propositions  that,  if  a  fatigue 
toxin  exists,  it  exists,  and  ought  to  be  capable  of  demonstration,  in  the 
muscles  that  produce  it,  and  it  does  not  exist  in  non-fatigued  muscles. - 
We  published  a  brief  preliminary  report  of  our  conclusions  in  1!I17 
(4);  the  presentation  of  our  detailed  results  has  been  delayetl  till  the 
present  time.  Although  our  expei'iments  are  not  very  numerous,  we 
believe  that  the  uniformity  of  the  results  justifies  their  publication. 
Because  of  our  inability  to  obtain  evidence  of  a  natural  production  of 
"fatigue  toxin"  we  have  not  deemed  it  necessary  to  proceed  to  its  arti- 
ficial production  or  to  the  production  of  its  antibody. 

The  method.  Our  general  method  has  been  to  fatigue  animals,  to 
press  out  the  juice  from  the  skeletal  nuiscles,  to  filter  this  juice  and  inject 
it  into  other  animals  or  administer  it  to  excised  muscles,  ami  to  observe 
the  effects. 

As  the  source  of  the  muscle  juice  we  have  used  cats  chiefly:  ral)bits 
w^re  employed  in  some  of  the  earlier  and  less  satisfactory  experiments. 
The  animals  were  fatigued  by  being  allowed  to  run  in  a  vertical  wheel. 
0.91-4  m.  in  diameter,  constructed  of  a  wooden  frame  covered  1)>-  wire 
netting,  the  inner  circumference  forming  a  running  track  2.S7  m.  long 
and  20  cm.  wide,  which  was  revolved  about  a  horizontal  axis  by  an  eh'ctric 
motor.  The  rate  of  revolution  was  adjusted  to  the  disposition  of  the 
individual  animal  to  run  and  varied  from  3  times  per  minute  with  ral)- 
bits  to  8  to  15  times  with  cats.  l"Tie  duration  of  this  fatiguing  process 
varied  greatly  and  its  termination  was  dependent  upon  a  disinclination 
of  the  animal  to  run  longer.  It  was  then  removed  from  the  wheel  and 
immediately  killed  by  decapitation.  By  suspension  of  the  body  as  much 
blood  as  possible  was  made  to  flow  from  the  severed  vessels.  In  most  cases 
a  wire  electrode  was  then  placed  within  the  skin  around  the  posterior  end 
of  the  trunk  of  the  body  and  another  around  the  ankles,  and  a  tetanic 
stimulating  current  was  sent  through  the  muscles  of  the  hind  legs  for 
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the  purpose  of  causing  further  fatigue.  This  was  continued  intermittently, 
— usually  for  from  three  to  ten  minutes — until  the  muscles  ceased  to 
contract  to  the  strongest  currents  that  are  customarily  used  for  muscular 
stimulation.  The  muscles  were  then  removed,  cut  up  by  scissors,  placed 
in  a  mortar,  and  thoroughly  ground  with  kieselguhr  into  a  pulpy  mass. 
This  was  folded  within  several  layers  of  cheese-cloth,  placed  in  a  strong 
steel  vise,  and  subjected  to  a  very  heavy  pressure.  In  this  manner  a 
quantity  of  muscle  juice  was  obtained,  amounting  often  to  more  than 
10  cc.  This  was  filtered  through  filter  paper  and  the  juice  so  obtained 
was  usually  employed  at  once  for  injection  into  animals  or  for  administra- 
tion to  muscles  as  described  below.  It  was  always  found  to  be  strongly 
acid  in  reaction  to  litmus.  The  successive  processes  in  obtaining  the 
juice  were  usually  performed  aseptically.  The  time  elapsing  between 
death  and  the  completion  of  the  preparation  of  the  juice  for  injection 
varied  in  successive  experiments  from  sixty-three  minutes  to  five  hours 
and  eight  minutes  (in  one  extreme  case),  but  averaged  approximately 
two  and  a  half  hours. 

There  is  no  doubt  that  our  animals  were  thoroughly  fatigued  in  the 
physiological  sense.  When  taken  from  the  wheel  they  were  breathing 
very  rapidly.  Within  a  short  time,  often  within  five  to  eight  minutes, 
after  decapitation  the  muscles  went  into  pronounced  rigor. 

The  action  of  'muscle  juice  on  animals.  W^e  have  observed  the  general 
action  of  the  juice  of  fatigued  muscles  on  normal  animals.  Guinea  pigs 
were  usually  employed  as  the  test  animals,  although  cats  and  rabbits 
have  served  occasionally.  The  injections  were  made  sometimes  in- 
travenously, sometimes  subcutaneously,  but  in  the  majority  of  the  ex- 
periments intraperitoneally.  Usually  about  5  cc.  of  the  juice  were  in- 
jected at  first,  and  an  additional  5  cc.  a  few  minutes  later. 

W^eichardt  observed  that  when  he  injected  into  animals  the  juice  of 
fatigued  muscles,  or  the  artificially  prepared  kenotoxin,  he  obtained 
three  distinct  effects:  stupor,  a  lowering  of  the  body  temperature,  and 
a  slowing  of  the  respiration  which  often  ended  in  death.  We  have  there- 
fore paid  especial  attention  to  these  phenomena. 

In  our  experiments  stupor  customarily  followed  the  injection  of  the 
juice.  The  animal  became  quiet  and  continued  so  for  hours,  often  ap- 
parently dozing  off  to  sleep. 

The  most  striking  effect,  however,  was  a  fall  of  the  bod}^  temperature. 
Rectal  temperature  was  observed  just  before  the  juice  was  injected,  again 
usually  fifteen  minutes  after  the  completion  of  the  injection,  and  at 
fifteen-minute  intervals  thereafter.  The  fall  began  promptlj^  after  the 
injection,  and  the  lowest  reading  of  the  thermometer  was  obtained  during 
the  first  half-hour.  Of  the  ten  experiments  in  which  the  body  tem- 
perature was  observed,  the  average  maximmn  fall  in  the  five  in  which 
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the  observations  were  most  frequent  was  1.1*^0.,  the  greatest  being  l.G°. 
Immediately  after  the  lowest  point  was  reached  the  temperature  began 
to  rise,  and  there  was  a  slow  gradual  return  toward  the  nomiai.  Weichardt 
reported  a  continuous  fall  in  temperature  and  one  of  several  degrees, 
until  death  usually  intervened.  In  all  of  our  cases  there  was  the  fall 
followed  by  the  rise.  Table  1  presents  the  data  from  our  five  most  com- 
plete experiments.  In  all  of  these,  cats  served  as  the  source  of  the  muscle 
juice  and  guinea  pigs  as  the  test  animals. 

Counts  were  made  of  the  rate  of  respiration  immediately  Ijefore  and 
at  intervals  after  injection.  The  results  were  not  constant,  there  appearing 
sometimes  an  increase  and  sometimes  a  decrease,  and  no  inference,  beyond 
the  fickleness  of  a  rabbit's  or  a  guinea  pig's  breathing,  can  be  drawn 
from  the  figures. 

Of  nineteen  animals  injected,  five  died.  Of  these  three  struggled 
strongly  upon  the  administration  of  the  juice,  gave  a  few  gasps  and  ex- 

TABLE  1 

Action  of  juice  of  fatigued  muscles  on  body  temperature 


NUMBER 
OF 

INITIAL 
TEMPERA- 
TURE 

FALL  OF  TEMPERATURE  AFTER  INJECTION,  15  MINUTE  INTERVAUS 

M.VXIMni 

EXPERI- 
M  ENT 

15 

30 

45 

1  hour 

15 

30 

45 

2  hours 

FALL 

15 

37.7 

0.9 

0.7 

0.7 

0.1 

'       0.9 

16 

38.6 

0.2 

0.6 

0.5 

0.4 

0.2 

0.1 

0 

0 .  t '. 

0.6 

17 

38.9 

1.1 

0.8 

0.7 

0.8 

0.4 

+0.1 

0.1 

1.1 

18 

38.6 

1.6 

1.4 

1.3 

1.2 

1.1 

1.2 

1.1 

1 . 1 

1.6 

22 

39.0 

0.8 

1.2 

1.0 

1.0 

0.8 

0.6 

0.4, 

^      1 

1    '■- 

pired  at  once.  In  all  of  these  cases  the  juice  was  introduced  directly 
into  the  jugular  vein,  and  the  possibilit}^  of  an  embolus  was  not  excluded. 
In  the  two  other  animals,  which  were  injected  intraperitoneally,  death 
occurred  on  the  following  day,  and  the  autopsy  revealed  a  caked  granular 
mass,  apparently  the  coagulated  muscle  proteins,  surrounding  and  among 
the  abdominal  viscera  at  the  site  of  the  injection. 

It  is  evident  that  none  of  the  results- so  far  presented  are  really  con- 
tradictory of  Weichardt's  findings  or  are  necessarily  opposed  to  an  in- 
terpretation of  the  presence  of  a  fatigue  toxin.  It  should  be  observed, 
however,  that  none  of  the  positive  results  is  specific:  Stupor  is  one  of 
the  most  common  effects  of  injecting  foreign,  non-irritating  substance 
into  animals;  a  fall  of  temperature,  especially  after  the  injection  of  pro- 
teins, is  well  recognized  (5);  and  an  occasional  death  from  the  introduction 
of  foreign  substances  into  the  body  through  either  the  intravenous  or 
the  intraperitoneal  route  is  to  be  expected. 

The  desirability  of  performing  a  series  of  control  experiments,  in  which 
non-fatigued  muscles  were  used  as  the  source  of  the  juice,  seems  too  obvious 
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to  mention,  but  a  careful  search  of  Weichardt's  papers  fails  to  reveal 
that  he  performed  adequate  controls.  Rare  mention  is,  however,  made 
of  the  fact  that  the  juice  of  fresh  muscles  proved  to  be  non-toxic  or  non- 
fatiguing.  We  have  endeavored  to  fill  this  gap,  and  the  significant 
feature  of  our  work  here  is  that  7-esults  similar  to  those  reported  above  were 
obtained  when  the  muscle  juice  from  non-fatigued  control  animals  was  in- 
jected. This  juice  was  prepared  in  the  same  manner  as  the  fatigue  juice, 
except  that  the  animals  were  not  previously  fatigued,  either  bj'  running 
in  the  wheel  or  l)y  the  electrical  stimulation  of  their  muscles.  It  was 
observed  that  the  pulpy  mass  of  muscle,  after  grinding,  was  paler  and 
more  viscous  and  yielded  juice  with  greater  difficulty  than  the  mass  of 
fatigued  muscle.  The  non-fatigue  juice,  like  that  from  the  fatigued 
muscles,  was  acid  to  litmus.  When  injected  into  guinea  pigs,  there 
followed  stupor,  a  fall  in  temperature  followed  by  a  rise,  and  the  death 
of  some  animals.     Table  2  shows  the  results  of  the  measurements  of  the 


TABLE  2 

Action  of  juice  of  non-fatigued  muscles  on  body  temperature 


NUMBER 
OF 

INITIAL 
TEMPER- 
ATURE 

FALL  OF  TEMPERATURE 

VFTER  INJECTION,  15  MINUTE  INTERVALS 

EXPERI- 
MENT 

15 

30 

45 

1 

hour 

15 

30 

45 

2 
hours 

15 

30 

"C. 

19 

38.7 

0.8 

0.9 

0.6 

0.6 

0.5 

0.5 

0.6 

0.6 

0.5 

0.4 

20 

39.5 

2.4 

1.9 

1.8 

1.8 

1.3 

1.1 

0.8 

0.4 

0.7 

21 

39.2 

2.2 

1.8 

1.6 

1.2 

1.0 

0.5 

0.6 

0.6 

0.3 

23 

38.3 

0.9 

1.1 

1.4 

1.3 

1.0 

1.1 

1.1 

1.3 

1.1 

0.6 

24 

37.9 

1.5 

2.2 

1.7 

1.2 

1.3 

0.9 

0.8 

0.6 

0.6 

0.3 

MAXIM  CM 
FALL 


0.9 
2.4 
2.2 
1.4 

9  9 


temperatures  in  the  five  most  complete  experiments,  cats  here  serving 
as  the  source  of  the  muscle  juice  and  guinea  pigs  as  the  test  animals. 
It  is  noticeable  here  that  the  maximum  fall  of  temperature  is,  in  general, 
even  greater  than  with  the  fatigue  juice,  the  average  being  1.8°C.  and  the 
maximum  2.4°. 

Of  the  eight  animals  injected  with  non-fatigue  juice,  four  died.  Of 
these  one,  injected  by  way  of  the  external  jugular  vein,  died  immediately 
afterward,  with  s>anptoms  of  an  embolus;  two  died  on  the  day  following 
the  intraperitoneal  injection,  and  one  three  days  afterward.  The  autopsies 
in  all  cases  showed  conditions  not  differing  from  those  dead  after  the 
intraperitoneal  receipt  of  fatigue  juice. 

Our  observations  on  the  action  of  muscle  juice  on  animals  thus  fail 
to  reveal  in  the  juice  of  fatigued  muscles  the  presence  of  anj-thing  acutely 
toxic  and  peculiar  only  to  fatigue.  They  do  justify  the  assumption, 
however,  that  a  generally  depressing  substance  is  present  in  both  the 
fatigue  and  the  non-fatigue  juice.     The  continual  and  fatiguing  work  of 
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the  animals  in  the  wheel,  their  excessively  rapid  respiration  and  quiet 
state  at  the  end,  and  the  quick  oncoming  of  rigor  after  death,  are  all 
conceivably  explicable  on  the  supposition  that  in  the  process  of  fatigue 
the  muscles  received  too  little  oxygen  and  manufactured  lactic  acid. 
The  treatment  of  both  the  fatigued  and  the  control  muscle  in  the  prepara- 
tion of  the  juice  would  only  add  to  the  stock  of  acid  in  the  former  and 
lead  to  its  formation  in  the  latter.  It  would  therefore  be  expected  that 
both  preparations  would  contain  in  the  end  a  considerable  quantity  of 
acid.  Whether  the  acid  alone  is  responsible  for  the  depression  we  cannot 
say,  but  it  is  clear  that  if  any  single  chemical  substance  is  the  causative 
agent  it  is  present  in  both  the  fatigue  and  the  non-fatigue  juice. 

The  action  of  muscle  juice  on  7nuscles.  In  an  endeavor  to  demonstrate 
the  action  of  his  supposed  "fatigue  toxin"  on  muscles  Weichardt  per- 
formed a  number  of  experiments  on  mice  in  which  he  recorded  graphically 
the  contractions  of  the  gastrocnemius  muscle  in  situ.  The  muscle  was 
stimulated  by  brief  faradic  currents  every  second  until  exhausted.  "  Nor- 
mal curves"  were  obtained  from  normal  animals;  "toxin  curves"  from 
other  animals  which  had  received  a  dose  of  "fatigue  toxin"  injected 
into  the  peritoneal  cavity.  No  mention  is  made  of  the  way  in  which 
such  toxin  was  prepared  or  of  the  number  of  animals  of  each  class  used. 
The  published  curves  show  less  work  performed  Iw  the  intoxicatetl  in- 
dividuals, but  no  computations  of  the  actual  amounts  of  work  performed 
by  either  class  are  presented. 

We  have  performed  a  series  of  experiments  on  the  action  of  the  muscle 
juice  of  both  fatigued  and  non-fatigued  animals  on  muscles.  The  juice 
was  prepared  as  already  stated,  cats  being  used  always  as  its  source. 
In  each  test  a  frog  was  killed,  and  its  two  gastrocnemius  muscles  were 
excised,  attached  to  muscle  levers,  loaded  with  equal  weights,  and  pre- 
pared for  simultaneous  stimulation  by  the  same  single  induction  shocks 
and  for  the  recording  of  the  contractions  as  vertical  lines  on  a  slow  drum. 
The  skin  was  left  about  each  muscle  and  was  tied  about  the  tendo  Acliil- 
lis  below,  thus  forming  a  bag  about  the  muscle,  open  at  the  top.  Tlie 
bag  surrounding  one  of  the  muscles  was  filled  by  the  muscle  juice,  which 
thus  continually  bathed  the  muscle  tissue.  The  other  nniscle  received 
no  juice  and  served  for  control.  The  stimulation  then  proceeded  until 
the  two  muscles  were  exhausted.  The  duration  of  the  work  of  each 
muscle  was  noted,  and  from  .the  graphic  records  the  total  work  done  by 
each  was  computed.  The  following  table  3  shows  the  effect  of  the  fatigue 
juice. 

It  is  here  seen  that  with  the  normal  muscle  the  average  duration  of 
the  working  power  was  43.2  minutes  and  the  average  amount  of  work 
performed  21,039  gram  millimeters.  P^or  the  muscle  under  the  influence 
of  the  fatigue  juice  the  average  duration  of  working  power  was  19.8 
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minutes,  a  decrease  of  54  per  cent,  and  the  average  amount  of  work 
performed  was  10,082  gram  millimeters,  a  decrease  of  52  per  cent.  The 
depressing  action  of  the  fatigue  juice  is  thus  very  striking. 

Before  assuming  that  this  result  is  due  to  a  fatigue  substance  the  above 
figures  should  be  compared  with  those  of  a  similar  series  of  experiments 
shown  below,  table  4,  similarb^  performed,  but  in  which  the  action  of 
the  juice  of  non-fatigued  muscles  was  studied. 


TABLE  3 

Action  of  juice  of  fatigued  muscles  on  muscle 


CONTROL  GASTROCNEMinS 

GASTROCNEMIUS  +  FATIGUE  JUICE 

Duration  of  work 
in  minutes 

Work  done  in 
gra.  mm. 

Duration  of  work 
in  minutes 

Work  done  in 
gm.  mm. 

1 

2 
3 
4 
5 

90 
36 
29 
23 
38 

43,  298 
16,560 
12, 148 
11,003 
22, 189 

33 
19 
10 
12 
25 

19.640 
7,  695 
3,066 
4,685 

15, 327 

Average 

43.2 
100 

21, 039 
100 

19.8 
46 

10, 082 

Percentage 

48 

TABLE  4 

Action  of  juice  of  non-fatigued  muscles  on  rnuscle 


CONTROL  GASTROCNEMIUS 

GASTROCNEMIUS  +  NON-FATIGUE  JUICE 

Duration  of  work 
in  minutes 

Work  done  in 
gm.  mm. 

Duration  of  work 
in  minutes 

Work  done  in 
gm,  mm. 

6 
7 
8 
9 
10 
11 

43 
49 
46 
39 
39 
33 

23, 030 
22,  854 
18, 748 
17, 023 
20, 810 
8,492 

15 
23 
20 

18 
18 
17 

6,271 
13,844 

6,938 

9,227 
11,641 

6,946 

Average 

Percentage 

41.5 
100 

18, 492 
100 

18.5 
44 

9,144 
49 

Here  the  surprising  fact  appears  that,  wjiile  the  normal  muscle  con- 
tinues to  contract  approximately  as  long  and  to  perform  approximately 
as  much  work  as  the  normal  muscle  in  the  previous  series — the  slight 
differences  being  of  no  significance — ^the  muscle  under  the  influence  of 
the  non-fatigue  juice  loses  approxunately  the  same  amount  as  before, 
namely,  56  per  cent  in  working  time  and  51  per  cent  in  total  amount  of 
work  done. 
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The  hypothesis  of  an  acutely  toxic  substance,  present  in  the  fatigue 
and  absent  in  the  non-fatigue  juice,  is  thus  no  more  justified  here  than 
in  the  experiments  with  the  whole  animal. 

Weichardt's  claims  may  be  criticized  adversely  from  several  points 
of  view. 

In  his  search  for  a  "fatigue  toxin'*  through  the  use  Of  animals  Weichardt 
emphasizes  the  necessity  of  carr3'ing  the  fatigue  process  to  an  extreme 
end,  complete  exhaustion  and  even  death.  He  thus  incurs  the  criticism 
of  the  ph^'siologist,  for  he  demands  an  artificial  condition  which  is  rarely 
realized  in  nature — putting  an  animal  to  death  by  overwork  is  changing 
a  physiological  into  a  pathological  phenomenon.  But  if  fatigue  be  due 
to  the  action  of  a  specific  "fatigue  toxin, "  then  the  toxin  should  be  present 
whenever  fatigue  symptoms  are  present,  that  is,  at  all  times  after  con- 
siderable work,  and  it  ought  to  be  capable  of  demonstration  without  the 
over-fatigue  which  Weichardt  practises.  One  cannot  help  suspecting 
that  in  his  exhausted  animals  chemical  changes  have  taken  place  which 
do  not  occur  in  normal  fatigue.  ^Moreover,  the  physiologist  may  rightly 
claim  that  stupor,  lowering  of  the  body  temperature  and  slowing  of  the 
respiration  are  hardly  adequate  criteria  of  the  existence  of  normal  fatigue. 

It  is  only  in  his  earlier  work,  however,  that  Weichardt  relied  upon 
the  fatigue  of  animals  for  the  production  of  his  supposed  toxin.  He 
soon  found  its  chemical  preparation  more  satisfactory.  But  in  reading 
the  accounts  of  his  chemical  methods  it  is  difficult  to  learn  exactly  what 
their  author  was  dealing  with.  It  is  hardly  conceivable  that  oxidation, 
reduction  and  hydrolysis,  as  employed  b}'  him  with  solutions  of  protein, 
would  3'ield  chemically  identical  substances.  It  is,  moreover,  not  clear 
whether  his  products  are  single  chemical  substances  or  mixtures  of  chemical 
substances.  It  is  not  clear  whether  he  regards  all  of  his  so-called  "Er- 
miidungsstoffe, "  obtained  from  whatever  source,  physiological  or  diversely 
chemical,  as  one  and  the  same  substance — "toxin"  and  "toxins"  are 
used  indiscriminately  in  his  writings. 

Although  Weichardt's  experiments  seem  to  have  been  numerous,  ac- 
counts of  them  are  confined  largely  to  accounts  of  single  selected  ex- 
periments, and  the  reader  is  not  offered  sufficient  information  to  enable 
him  to  form  a  judgment  of  the  degree  of  statistical  support  which  his 
work  gives  to  his  conclusions.  There  is  evident,  too,  a  pronencss  to 
accept  without  question  favorable  evidence,  however  intrinsically  strange. 
A  striking  instance  of  this,  which  is  quoted  approvi'igly  by  Weichardt, 
is  supplied  by  Lorentz  (6)  in  his  report  of  the  reputed  effects  of  the  sup- 
posed "fatigue  antitoxin"  received  by  inhalation.  The  rapidity  and 
accuracy  of  the  mental  work  of  certain  school  pupils  were  tested  by 
arithmetical  problems  before  and  after  a  five-hour  period  of  instruction. 
The  degree  of  fatigue  resulting  was  thus  measured.     After  this  was  es- 
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tablished  the  air  of  the  school  room  after  a  morning  test  was  hberally 
sprayed  with  a  1  per  cent  solution  of  antikenotoxin.  The  afternoon  test 
then  showed  that  the  rapidity  of  computation  was  increased  by  50  per 
cent;  the  number  of  errors  had  decreased;  and  some  pupils  who  were 
usually  sleepy  and  tired  at  the  end  of  the  period  of  instruction  had  a 
higher  grade  after  th^n  before  the  five-hours'  period!  It  is  not  surprising 
that  in  an  extensive  investigation  under  similar  conditions  Konrich  (7) 
was  wholly  unable  to  confirm  these  results. 

It  is  conceivable  that  by  Weichardt's  extreme  treatment  of  animals 
and  his  unique  ways  of  treating  proteins  outside  animal  bodies  he  obtained 
substances  or  mixtures  of  substances  that  are  toxic  to  the  living  organism, 
but  he  is  not  justified,  we  believe,  in  associating  any  one  of  such  substances 
in  a  specific  causal  relation  with  the  physical  phenomenon  of  normal 
fatigue. 

SUMMARY 

1.  When  juice  is  pressed  out  of  the  muscles  of  fatigued  animals  and 
injected  into  other  animals  there  result  stupor,  no  constant  effect  on 
respiration,  a  temporary  lowering  of  the  body  temperature,  and  occasion- 
ally subsequent  death. 

2.  Such  fatigue  juice  when  administered  to  excised  muscles  causes  a 
marked  decrease  in  their  working  power,  as  shown  by  a  shortening  of 
the  working  period  and  a  decrease  of  the  total  work  performed. 

3.  Juice  from  the  muscles  of  non-fatigued  animals  exerts  the  same 
action  as  fatigue  juice,  both  on  animals  and. on  excised  muscles. 

4.  The  experiments  thus  fail  to  confirm  Weichardt's  assmnption  of 
the  existence  of  a  specific  toxin  of  fatigue. 
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Aronovitch  and  I  (1)  were  unable  to  confirm  Weichardt's  claim  of  the 
existence  of  a  specific  "fatigue  toxin."  But  in  our  experiments  cats, 
because  of  their  ready  fatiguability  in  our  fatigue  wheel,  were  used  as  the 
source  of  the  muscle  juice,  and  guinea  pigs,  because  of  theii*  docility,  were 
used  as  the  test  animals.  Thus,  by  injecting  into  one  species  of  animal 
muscle  juice  obtained  from  a  different  species,  we  incurred  the  possible 
criticism  that  we  were  merely  demonstrating  the  well-known  action  of  a 
foreign  protein.  To  obviate  this  objection,  I  have  performed  additional 
experiments  in  which  guinea  pigs  were  used  for  both  purposes. 

The  method  emploj'^ed  was,  in  general,  similar  to  that  used  by  Arono- 
vitch and  myself,  and  consisted  in  thoroughly  fatiguing  animals,  killing 
them,  squeezing  the  juice  from  their  muscles,  and  injecting  it  into  frosh 
animals.  For  fatiguing  the  guinea  pigs  I  made  use  of  the  treadmill  which 
Hastings  (2)  had  found  effective  with  dogs,  and  has  since  been  employed  by 
others  in  this  laboratory.  It  consists  of  a  running-track  caged  in  and  pro- 
pelled by  an  electric  motor  at  a  speed  which  can  be  varied  according  to  the 
running  capacity  of  the  individual  animal.  The  guinea  pigs,  either  with  or 
without  a  few  minutes'  preliminary  training,  usually  adaj^ted  themselves 
readity  to  a  rate  of  approximately  three-quarters  of  a  mile  per  hour  and 
were  able  usually  to  continue  running  for  more  than  three  hours.  In  the 
latter  part  of  the  period  fatigue  became  more  and  more  evident,  and  when 
the  animal  ceased  to  run  further,  it  was  removed  and  immediately  killed  l)y 
decapitation.  The  blood  flowed  freely  from  the  vessels  and  a  sample  wa,s 
collected  for  the  determination  of  its  sugar  content.  The  results  of  such 
determination  will  be  presented  elsewhere.  The  skeletal  muscles  wore 
electrically  stimulated  en  masse  until  they  ceased  to  contract.  They  were 
then  cut  away,  freed  from  connective  and  fatty  tissue,  and  ground  thor- 
oughly in  a  mortar  into  a  pulp.  This  was  wrapped  in  cheese-cloth  and  sulv 
mitted  to  verj^  hea\y  pressure  in  a  strong  steel  vise.  As  much  juice  as  pos- 
sible was  thus  squeezed  out,  the  amount  from  a  single  animal  averaging  24 
cc.  This  juice,  which  was  always  strongly  acid  to  litmus,  was  filtered  and 
warmed  to  body  temperature,  and  a  measured  quantity  of  it.  usually  10 
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cc,  was  injected  intraperitoneally  in»to  a  fresh  guinea  pig.  The  effects 
produced  by  this  injection  were  then  observed.  Eight  experiments  of  this 
kind  were  performed. 

The  action  of  muscle  juice  on  homologous  species  of  animals.  Following 
Weichardt's  procedure  and  as  in  the  experiments  with  Aronovitch  my  at- 
tention was  directed,  after  injection,  to  three  phenomena:  The  general  be- 
havior of  the  animal,  with  especial  reference  to  possible  stupor,  the  rate  of 
respiration,  and  the  body  temperature;  and  these  were  observed  at  fifteen- 
minute  intervals  during  a  period  of  two  to  six  hours.  The  condition  of  the 
animal  during  several  days  subsequent  to  the  injection  was  also  studied. 

While  it  can  hardly  be  said  that  pronounced  stupor  followed  the  injec- 
tion, the  animal  usually  became  quiet  and  mildly  soporific,  allowing  itself 
to  be  handled  without  resistance.  In  this  respect,  its  behavior  was  not 
fundamentally  different  from  that  of  the  animals  in  the  series  with  Arono- 
vitch, although  the  soporific  effect  in  the  new  series  was  perhaps  somewhat 
less  in  degree. 

As  in  the  series  with  Aronovitch,  the  rate  of  respiration  was  not  affected 
by  the  injection  in  any  constant  manner.  There  was  much  irregularity  in 
the  rate,  as  is  not  unusual  in  normal  guinea  pigs. 

The  most  pronounced  and  constant  effect  of  the  injection  was  that  on  the 
temperature  of  the  body.  After  the  receipt  of  the  muscle  juice  the  tempera- 
ture, as  measured  in  the  rectum,  began  immediately  to  fall.  The  lowest 
point  was  reached  within  a  period  varying  from  thirty  minutes  to  two  hours, 
after  which  the  temperature  more  gradually  rose  to,  or  nearly  to,  the  initial 
point  during  the  period  of  observation.  Of  the  eight  experiments,  one, 
number  66,  proved  an  exception  to  the  rule  in  showing  only  minute  temper- 
ature changes  ranging  from  a  preliminary  rise  of  0.3°  to  a  later  fall  of  0.2°. 
Table  1  presents  the  details  of  all  experiments  except  number  66,  and  figure 
1  represents  the  curve  of  experiment  34,  a  typical  experiment.  It  may  be 
added  incidentally  that  of  the  seven  animals  two  died  within  twenty-four 
hours  and  one  three  days  after  the  injection,  while  the  remaining  four  con- 
tinued in  good  health. 

While  the  effect  here  is,  in  general,  similar  to  that  in  the  former  series  in 
which  non-homologous  animals  were  used,  there  appear  two  differences:  a 
much  greater  average  fall  of  temperature  and  a  slower  average  recovery. 
Thus,  the  possible  objection  that  in  the  former  series  the  results  might  have 
been  due  to  the  action  of  a  foreign  protein  is  at  once  ruled  out — whether  the 
muscle  juice  comes  from  a  different  or  the  same  species  the  sequence  of  its 
administration  is  an  immediate  fall- of  body  temperature  followed  by  a  grad- 
ual recovery. 

Are  we  then  demonstrating  the  action  of  a  fatigue  toxin?  Here  again  a 
control  series  of  experiments  supplies  the  answer  ■ — a  series  in  which  the  pro- 
cedure was  in  all  respects  the  same  as  with  the  fatigue  juice  save  that  the 
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guinea  pigs  supplying  the  juice  were  not  fatigued  at  all.     Eight  such  ex 
periments  were  performed.     There  resulted  quiet  and  occasion-illy  real 
stupor;  no  constant  change  in  respiration;  an  immediate  fall  of  body  tem- 
perature followed  by  gradual  recovery;  and  the  death  within  twentv-four 
hours  of  six  of  the  animals. 

The  temperature  data  of  seven  of  these  experiments  are  presented  in 
table  2  and  the  curve  of  experiment  53  is  plotted  as  figure  2.     Experiment 

TABLE  1 
Action  of  juke  of  fatigued  muscles  on  body  tempcraliire  of  homologous  species 
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Fig.  1.  Action  of  juice  of  fatigued  muscles  on  body  temperature.     Experiment  34 
table  1.  ' 


38  showed  a  fall  of  temperature  so  far  in  excess  of  all  the  others— more 
than  five  degrees  and  so  far  beyond  the  minimum  limit  of  the  clinical  ther- 
mometer as  to  be  incapable  of  measurement— that  it  has  been  omitted  from 
the  published  records. 

Here  again  the  tale  is  repeated:  as  in  the  experiments  with  Aronovitch 
non-fatigue  juice  produces  the  same  effect  as  fatigue  juice.  This  is  true 
whether  the  recipient  of  the  juice  is  of  the  same  species  of  auinuil  as  the 
donor,  or  of  a  different  species. 
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Enough  evidence  has  now  been  presented,  I  believe,  to  make  it  clear 
that  Weichardt's  assumption  of  the  existence  of  a  specific  toxin  of  fatigue 
quite  lacks  a  reliable  experimental  basis  and  is  quite  needless  to  account 
for  the  well-known  facts  of  fatigue. 

The  action  of  lactic  acid  on  animals.  Since  the  muscle  juice  in  both  the 
above  series  was  always  strongly  acid  .to  litmus,  I  was  curious  to  know 
whether  its  physiological  action  might  be  due  to  its  acid  content.  This 
question  had  been  raised  in  the  paper  by  Aronovitch  and  myself,  but  we  did 

TABLE  2 
Action  of  juice  of  non-fatigued  muscles  On  body  temperature  of  homologous  species 
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Fig.  2.  Action  of  juice  of  non-fatigued  muscles  on  body  temperature.  Experiment 
S3,  table  2. 

not  attempt  to  answer  it  experimentally.     I  have  therefore  made   a  few 
experiments  bearing  upon  it. 

Dr.  C.  D.  Murray  courteously  determined  the  pH  in  two  specimens  of 
juice,  one  from  non-fatigued  and  one  from  fatigued  guinea  pigs,  and  found 
that  of  the  former  to  be  5.6  and  that  of  the  latter  5.8.  Through  the 
courtesy  of  Dr.  F.  B.  Flinn,  determinations  of  lactic  acid  were  made  in 
four  specimens  each  of  non-fatigue  and  fatigue  juice.  The  figures,  ex- 
pressed in  milligrams  of  lactic  acid  in  100  cc.  of  juice,  were:  for  the  non- 
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fatigued  animals,  222,  198,  212,  210,  the  average  being  210;  and  for  the 
fatigued  animals,  223,  207,  197,  217,  the  average  being  218. 

Seven  health}^,  non-fatigued  guinea  pigs  were  injected  intraperitoneally, 
each  with  10  cc.  of  a  solution  of  lactic  acid  consisting  of  220  mgm.  in  100  cc. 
of  an  0.9  per  cent  solution  of  sodium  chloride  and  wamied  to  body  tempera- 
ture. Following  the  injection  the  animals  became  very  quiet,  sometimes 
relaxed  muscularly,  sometimes  trembling  as  if  feeling  a  chill;  there  was  no 
observable  effect  on  respiration;  there  were  no  deaths.     But  there  was  an 

TABLE  3 
Action  of  lactic  acid  on  bodjj  temperature 
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Fig.  3.  Action  of  lactic  acid  on  body  temperature.     E.xperimcnt  40,  table  3. 


immediate  fall  in  body  temperature,  followed  by  gradual  recovery.  The 
data  on  body  temperatme  are  presented  in  table  3  and  the  curve  of  iho 
typical  experiment  49  is  plotted  in  figure  3. 

Still  again  we  see  presented  the  familiar  picture.  The  effect  is  not  so 
profound  as  with  the  muscle  juice,  but  it  is  of  the  same  sort.  It  may  there- 
fore reasonably  be  inferred  that  the  temperatm-e-dcpressing  action  of  mus- 
cle juice,  whether  from  fatigued  or  non-fatigued  animals,  is  due  in  part  at 
least  to  their  content  of  lactic  acid. 
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SUMMARY 

1.  When  juice  is  pressed  out  of  the  muscles  of  fatigued  guinea  pigs  and 
injected  into  fresh  guinea  pigs  there  result  quiet,  no  constant  effect  on  res- 
piration, a  temporary  lowering  of  the  body  temperature  and  occasionally 
subsequent  death. 

2.  Juice  from  the  muscles  of  non-fatigued  guinea  pigs  exerts  the  same 
action  on  fresh  guinea  pigs  as  fatigue  juice. 

3.  Lactic  acid,  when  injected  into  guinea  pigs,  is  followed  by  quiet  and  a 
temporary  fall  of  body  temperatm'e,  which  is  less  in  extent  than  that  follow- 
ing the  injection  of  muscle  juice. 

4.  The  experiments  fail  to  confirm  Weichardt's  assumption  of  the  ex- 
istence of  a  specific  toxin  of  fatigue. 
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APPLICATION  OF  THE  DIFFUSION  HYPOTHESIS  TO 
MEMBRANE  POTENTIALS. 

By  CECIL  D.  MURRAY. 

{From  the  Department  of  Physiology,  Columbia  University,  Neiv  York.) 

(Received  for  publication,  May  27,  1924.) 

In  a  paper  on  the  acid-base  equilibrium  in  two  phase  systems*  the 
following  case  was  suggested  as  an  interesting  one  from  the  point  of 
view  of  the  Donnan  equih'brium. 

Two  aqueous  solutions,  A  and  B,  contain  equal  concentrations  of 
undissociated  lactic  acid  (HL),  but  different  concentrations  of  Na- 
lactate  (NaL).  The  solutions  are  separated  by  a  layer  of  amyl 
alcohol  in  which  there  is  a  sutTicient  concentration  of  HL  to  be  in 
equilibrium  with  both  aqueous  solutions,  but  in  which  the  XaL  is 
practically  insoluble.  The  condition  is  approximately  the  one  which 
would  be  obtained  if  amyl  alcohol  containing  HL,  in  excess  of  the 
total  base  present,  were  shaken  up  several  times  alternately  with 
two  aqueous  solutions  containing  originally  two  different  concentra- 
tions of  NaOH.  The  conditions  of  this  equilibrium  and  the  limita- 
tions of  the  mathematical  treatment  are  fully  described  in  the  paper 
above. 

In  either  solution  (A  or  B)  the  greater  part  of  the  lactate  ions  (L) 
are  derived  from  the  Na  lactate,  and  the  hydrogen  ion  concentration 
(except  in  the  very  acid  solutions)  can  be  calculated  from  the  equation 

HL       K  ,      XaL  ^.,  .  ^.,      ,^^^ 

H  =  — -  X— ;  orpII  =  log— -    +  pk'  (pK'  =  3.65) 

NaL      7  HL 

At  equilibrium,  HL.v  =  HLr,  therefore  Ha  X  La  =  Hb  X  Lh. 
Hence  the  solution  with  the  lower  concentration  of  NaL  willhavea  lower 
concentration  of  L  and  a  higher  concentration  of  H.  The  conditions 
of  the  Donnan  equihbrium  in  this  respect  are  obviously  fulfilled.  The 
amyl  alcohol  is  as  effective  a  semipenneable  membrane  as  can  or- 

'  Murray,  C.  D.,  /.  Biol.  Chem.,  1923,  Ivi,  569. 
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diharily  be  used  in  an  actual  experiment.  In  this  case  it  is  relatively 
impermeable  to  Na  ions,  which  here  play  the  role  of  the  protein  ions 
often  used  in  similar  studies  with  collodion  membranes.  It  will 
be  noted  that  in  this  case  the  relative  indiffusibility  of  the  Na  ions 
is  a  condition  imposed  by  the  membrane,  whereas  in  experiments 
with  protein  ions  these  ions  are  inherently  almost  non-diffusing,  and 
therefore  in  many  cases  the  membrane  hardly  alters  the  nature  of 
the  system. 


KCl  bridge  to 
calomel  electrode 


Apfow  shows  direction  of  diffusion  current 
when  Si^n  of  E  D.  is  positive. 

Fig.  1. 


EXPERIMENTAL. 


With  the  system  described  above  several  series  of  experiments  were 
performed  to  determine  the  potential  differences  between  various 
pairs  of  solutions,  made  up  so  that  the  condition  of  equilibrium  de- 
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scribed  would  be  satisfied.  The  p.d.  was  measured  by  a  potentiometer 
in  the  usual  manner  with  the  use  of  two  saturated  calomel  electrodes. 

The  sign  is  taken  as  positive  if  the  direction  of  the  positive  current 
is  from  left  to  right  through  the  solutions  (as  drawn  or  described). 

All  the  aqueous  solutions  had  a  concentration  of  0.05  n  HL,  with 
varying  amounts  of  NaL  in  addition.  The  pH  of  each  solution  was 
measured  electrometrically. 

Solution  A,  the  most  acid  of  the  series  and  containing  the  least 
amount  of  NaL,  was  placed  in  the  beaker  on  the  left,  and  Solution 
B  on  the  right,  and  the  tips  of  the  calomel  electrodes  were  inserted. 
Through  the  top  of  the  A-tube,  v*'hich  is  shown  in  the  drawing,  amyl 
alcohol  containing  0.025  n  HL  (equilibrium  concentration  previously 
determined)  was  introduced.  Then  at  the  top  of  the  A-tube  suction 
was  applied  until  the  levels  of  the  two  aqueous  solutions  nearly  reached 
the  ridge,  leaving,  therefore,  a  small  portion  of  amyl  alcohol  as  a 
junction  or  membrane. 

At  this  point  the  p.d.  was  measured.  This  will  be  designated  the 
alcohol  junction  p.d.  Finally  further  suction  was  applied  to  allow  the 
two  aqueous  solutions  to  come  in  direct  contact  by  just  surmounting 
the  ridge  and  regulating  the  levels  so  that  the  less  dense  solution  sur- 
mounted the  ridge  first.  The  aqueous  junction  p.d,  was  then  quickly 
measured.  By  lowering  and  raising  the  levels  again  the  measure- 
ments could  be  repeated  several  times  with  variations  within  ->  mv. 

Introducing  fresh  portions  of  Solution  A,  fresh  alcohol,  and  sub- 
stituting successively  Solutions  C  to  I  in  place  of  B,  a  series  of  p.d. 
was  obtained  for  the  alcohol  and  aqueous  junctions  (Series  1).  Solu- 
tion C  was  then  substituted  for  Solution  A  and  measured  against 
Solutions  D  to  I  (Series  2).  Finally,  Solution  D  was  measured  against 
Solutions  E  to  I  (Series  3). 

The  results  are  given  in  the  table.  Under  Series  2  there  arc  two 
columns,  the  first  gives  the  observed  p.d.  figures  in  millivolts  as  meas- 
ured, and  the  second  gives  the  sum  of  the  p.d.  referred  to  Solution 
A.  (Thus,  A  vs.  C  -{-  Cvs.l  =  63.3).  Series  3  is  similarly  treated. 
It  will  be  seen  that  the  p.d.  is  nearly  additive. 

In  addition  to  the  series  tabulated,  0.01  x  NaL  was  measured  against 
0.1  N  NaL,  thus  eliminating  the  HL. 

0.01  NaL  vs.  0.1  NaL  (alcohol  junction)  =     12  mv. 
0.01     "      "    0.1    "     (aqueous      "       )  =  -5  mv. 
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The  results  of  the  last  mentioned  experiment  are  indicated  in 
Fig.  2  by  the  dotted  slopes.  It  will  be  evident  that  a  difference  m 
pH  of  1  in  Series  1  is  very  nearly  equivalent  to  a  difference  in  pL  of 
1  in  this  last  experiment.  The  other  curves  in  the  figure  represent 
the  P.D.  obtained  in  Series  1,  i.e.  between  Solution  A  of  pH  2.50  and 
the  solutions  having  the  pH  indicated  by  the  abscissa.  The  steep 
slope  indicates  the  theoretical  p.d.  if  the  system  followed  the  Donnan 
conditions  exactly. 

TABLE  I. 


Solution. 

pH 

Scries  1. 

Series  2. 

Series  3. 

A 

2.50 

0.0 

B 

2.68 

10.2 

C 

2.94 

19.3 

0.0 

(19.3) 

D 

3.65 

44.5 

24.5 

43.8 

0.0 

(44.5) 

Alcohol  junction. 

E 

3.97 

47.7 

31.5 

50.8 

3.6 

48.1 

F 

4.30 

— 

39.0 

58.3 

- — 

G 

4.66 

54.0 

44.0 

63.3 

13.0 

57.5 

H 

5.08 

59.0 

43.0 

62.3 

14.2 

58.7 

I 

5.50 

61.0 

44.0 

63.3 

20.0 

64.5 

A 

2.50 

0.0 

B 

2.68 

1.0 

C 

2.94 

6.0 

0.0 

(6.0) 

D 

3.65 

3.0 



0.0 

(3.0) 

Aqueous  junction. 

E 

3.97 

0.2 

— 



-2.2 

0.8 

F 

4.30 

— 



— 

G 

4.66 

-5.2 

- — 

-4.5 

-1.5 

H 

5.08 

-7.5 

-10.0 

-7.0 

I 

5.50 

-13.0 

-17.0 

,  -11.0 

-14.0 

-11.0 

THEORETICAL  DISCUSSION. 

Let  US  first  summarize  the  specific  properties  of  the  system  with 
which  we  are  dealing.  Let  x  and  y  be  any  two  solutions  such  as  were 
described  in  the  beginning.  Then,  within  the  limits  set  forth  in  the 
previous  article 

HLs  *"  IxL^ 
H»  X  Ls  =  Hj,  X  L, 
pHy  -  pHi  =  pLx  -  pL, 
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:():> 


2.5         3.0         3.5        4.0        4.5        5.0        5.5 

pH  of  solution  med^saped  vs.  A 

Fig.  2. 
and  in  all  but  the  most  acid  solutions,  gince 

Nai  =  Lx  and  Na„  =  I-i/  (ver>-  nearly) 

then 

pH„  -  pHi  -  pXaj  -  pXt^ 

Hx       Ly      Nay 
H,  "  L,  "  Na« 

or 

—  ApH(,-y)  =  ArI-(x-»)  -  ApN'a{,-,) 
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In  the  experiment  with  the  two  concentrations  of  NaL,  we  have 
merely 

ApNa  =  ApL 

From  these  data  we  can  write  the  classical  approximate  equations 
for  two  simple  cases  of  diffusion  potentials. - 

A.  When  the  concentration  of  H  is  negligible  compared  to  the  other 
ions,  we  have 

Ml  (L)  -  Mxa  (Na)  Na, 

^^-"^  =  M.(L)+M.a(Na)  ^  ^'  '°^  ^.  ^'^ 

in  millivolts,  where  Mn*  and  Ml  represent  the  ionic  mobihties  of  the 
respective  ions,  and  (L)  and  (Na)  represent  the  mean  concentrations 
of  these  ions  in  the  region  of  the  diffusion  boundary.  The  term  Mi.  (L) 
evidently  represents  the  mean  specific  conductivity  of  the  lac- 
tate ions,  etc.  This  is  the  familiar  equation  for  the  diffusion  potential 
between  two  concentrations  of  the  same  salt. 

B.  When  the  concentration  or  the  mobility  of  Na  is  reduced  to 
zero  at  the  boundary  due  to  an  impermeable  membrane,  we  have 

Mh(H)+Ml(L)       ^^,     Hx 

which  is  the  same  as  the  familiar  equation  for  the  diffusion  potential 
which  can  be  obtained  between  two  solutions  satisfying  the  Donnan 
equilibrium.     Unfortunately,  this  equation  can  be  simplified  to 

E(x-y)  =  59  log—  (3) 

I  say  "unfortunately,"  because  many  who  have  used  equation  (3) 
have  not  emphasized  the  derivation  which  Donnan  used.  The  dis- 
tinction between  the  conditions  of  equation  (1)  and  equation  (2) 
is  that: 

In  the  first  case,  the  positive  and  negative  ions  tend  to  diffuse  in 
the  same  direction  and  the  net  e.m.f.  depends  on  the  difference  in 
their  transport  numbers. 

^  The  derivation  of  the  Donnan  p.d.  is  given  in  LeA\'is,  W.  C.  JNIcC,  A  system 
of  physical  chemistry,  London,  1922,  ii,  320.  Simple  diflfusion  potentials  are 
treated  on  p.  151. 
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In  the  second  case,  the  positive  and  negative  ions  tend  to  diffuse 
in  opposite  directions  and  the  resulting  e.m.f.  depends  on  the  sum  of 
their  transport  numbers  (the  sum,  of  course,  equals  1). 

Interpretation  of  Experimental  Results. 

Now  in  Series  1,  with  the  alcohol  junction,  between  the  first  three 
or  four  solutions  equation  (2)  holds  as  the  limiting  condition— we 
have  a  distinct  Donnan  p.d. 

In  the  experiments  with  two  concentrations  of  NaL  (no  HL),  we 
have  a  case  of  a  simple  diffusion  potential  and  applying  equation  (1) 
it  will  be  noted  from  the  sign  that  the  term  Mva(Na)  is  greater  than 
Ml(L)  in  the  aqueous  junction,  whereas  in  the  alcohol  junction  the 

term  Mi.(L)    is   the  greater.     Roughly,    —^^v^     =    1.2    in   H,0. 

=  0.66inamyl  alcohol,  when  Na^=  Lx,  and  Nay  =  Ly.  The  results 
obtained  between  the  last  few  solutions  of  Series  1,  i.e.  Series  3,  follow 
the  slopes  indicated  by  the  experiments  with  NaL  solutions  with  the 
corresponding  junctions  and  can  evidently  be  interpreted  along  the 
lines  suggested  by  equation  (1). 

But  taking  the  alcohol  junction  p.d.  of  Series  1  over  the  whole 
range,  as  we  measure  Solution  A  against  solutions  of  increasing  NaL 
concentrations  we  are  involved  in  a  transition  from  the  conditions 
of  equation  (2)  (the  Donnan  p.d.)  to  those  of  equation  (1)  (the  simple 
diffusion  p.d.).  Though  the  solubility  of  NaL  in  amyl  alcohol  is  small, 
as  the  concentration  of  NaL  in  the  aqueous  solution  increases,  the 
specific  conductivity  due  to  NaL  in  the  alcohol  tends  to  outweigh 
the  conductivity  of  the  dissociated  HL.  As  the  conductivity  of  H  ions 
in  the  boundary  becomes  relatively  negligible  we  approach  the  con 
ditions  of  equation  (1). 

In  the  case  of  the  aqueous  junctions  there  is  at  first  in  Series  1  a 
slight  Donnan  effect,  (because  the  solutions  are  originally  made  up 
to  satisfy  a  Donnan  equilibrium  as  if  they  had  been  separated  by  an 
amyl  alcohol  membrane  impermeable  to  Na)  but  obviously  the  in- 
creasing NaL  concentrations  outweigh  the  dissociated  HL  much 
sooner  in  these  cases  than  in  the  cases  ^v^th  the  alcohol  junctions. 
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In  themselves  these  experiments  support  the  view  advocated  by 
Cremer^  and  more  recently  by  Prideaux  and  Crooks.*  They  have 
convinced  me  that  it  would  be  more  profitable  to  recognize  the  poten- 
tials occurring  in  such  systems  to  be  indications  of  a  definite  tendency 
of  ions  to  diffuse  from  a  region  of  high  activity  to  one  of  lower  ac- 
tivity. In  all  such  cases,  whether  we  have  gelatin  chloride  in  a  col- 
lodion bag  or  NaL  solution  in  contact  with  alcohol,  the  supposition 
is  that  (at  equilibrium)  the  activities  of  the  "undissociated  "  molecules 


-Alcohol  junctions  - 
D  1  I 


H     


Aqueous  junctions - 

D  1  I 


i  I 


Fig.  3 .  These  diagrams  picture  the  diffusion  process  occurring  in  the  various  bound- 
aries. The  arrows  in  the  end  sections  of  each  diagram  represent  roughly  the 
concentrations  in  logarithmic  units  of  H,  Na,  and  L  ions  in  the  solutions  cor- 
responding to  the  letters.  The  bottom  row,  in  this  respect,  is  the  same  as  the 
top  row.  The  arrows  in  the  central  sections  represent  the  relative  tendencies 
to  diffuse  of  the  H,  Na,  and  L  ions.  The  arrow  under  each  diagram  represents 
the  net  p.d.  and  the  direction  in  which  the  positive  current  tends  to  flow.  The 
first  diagram  in  the  top  row  represents  the  conditions  resulting  from  a  previously 
established  Donnan  equilibrium.  The  central  diagrams  of  both  rows,  if  the 
H  ion  is  neglected,  represent  simple  diffusion  conditions  such  as  exist  between 
two  concentrations  of  the  same  salt.  The  other  diagrams  represent  combina- 
tions of  the  two  simple  cases. 


which  can  exist  in  both  phases  and  migrate  from  one  to  the  other  must 
be  equal  in  both  phases  so  long  as  there  is  not  a  complete  electrical 
circuit  or  a  dissymmetry  of  membranes.  This  results,  frequently, 
in  the  condition  in  which  the  acti\'ities  of  an  individual  ion  differ 
in  the  two  phases,  although  the  activity  product  of  the  two  ions  which 
form  the  undissociated  substance  still  remains  equal  in  both  phases. 

» Cremer,  M.,  Z.  Biol,  1906,  xlvii,  562. 

*  Prideaux,  E.  B.  R.,  and  Crooks.  W.  E.,  Ckem.  and  Ind.,  1923,  xlii,  955. 
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Then,  when  the  electrical  circuit  is  completed,  ions  can  move  inde- 
pendently and  the  tendency  is  for  the  activities  of  individual  ions  to 
become  equalized  if  the  electrode  p.d.  is  the  same  in  the  two  phases 
(supposedly  zero  for  saturated  calomel  electrodes).  It  is  understood 
that,  at  equilibrium,  what  we  have  measured  and  called  a  dififusion 
potential  is, under  conditions  where  electrodes  are  not  present, balanced 
by  the  electrostatic  forces  which  hold  oppositely  charged  ions  together. 
These  p.d.  have  usually  called  attention  to  the  el-ectrostatic  condition, 
and  the  fact  has  been  lost  sight  of  that  the  source  of  the  p.d.,  the  source 
of  the  current  (which  we  oppose  with  a  batterj-  or  a  charged  electrom- 
eter) is  due  to  the  diffusing  tendency  of  the  ions,  although  this  fact 
was  well  brought  out  by  Donnan.  Much  has  been  written  about  "elec- 
trical double 'layers  "  and  "charges"  have  been  referred  to  as  if  they 
existed  in  aqueous  solutions  independently  of  ions.  Some,  too,  have 
spoken  of  glass  bulbs  and  collodion  membranes  acting  "as  hydrogen 
electrodes"  merely  because  observed  p.d.  are  proportional  to  the  dif- 
ferences in  pH  on  the  two  sides.  This  relation  holds  as  long  as  the 
conditions  of  a  true  Donnan  equilibrium  are  satisfied,  but  breaks  down 
experimentally  if  the  membrane  becomes  penneable  to  the  ion  which 
had  been  considered  indiffusible,  which  happens  usually  when  the 
concentration  of  this  ion  is  large.  Obviously  everyone  is  referring 
to  the  same  phenomenon,  but  I  believe  that  the  "kinetic"  interpreta- 
tion describes  the  processes  in  simpler  terms  and  leads  us  more  directly 
to  an  understanding  of  the  discrepancies  and  anomalies  in  experi- 
mental results.     The  problem  resolves  itself  to  this  general  question: 

A  membrane,  or  a  metal  electrode,  or  an  amalgam,  or  a  piece  of 
glass,  all  involve  a  second  phase  when  in  contact  with  a  solution; 
what  then  are  the  thermodynamic  properties  of  this  second  phase.-' 
At  equilibrium  what  are  the  activities,  the  distribution  coefficients, 
and  the  mobilities  of  the  various  components  of  the  system  in  this 
second  phase? 

Incidentally,  it  might  be  mentioned  that  the  exijerimcnts,  as  carried 
out,  form  an  interesting  example  of  "phase  reversal. "  Changing  from 
the  alcohol  to  the  aqueous  junction  in  the  last  experiment  listed 
(A  vs.  I)  caused  a  change  in  p.d.  from  -i-61  mv.  to  —13  mv.  It  will 
be  noted  that  in  experiments  with  gelatin  solutions  removal  of  the- 
collodion  membrane  causes  no  essential  change  in  p.d.  (in  many  casts 
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because  the  gelatin  ions  are  inherently  non-diffusing.  Many  com- 
binations of  these  experiments  can  be  devised  and  membranes  operated 
to  simulate  action  currents  and  other  bioelectric  phenomena. 

SUMMARY. 

A  system  consisting  of  two  aqueous  solutions,  containing  equal 
concentrations  of  lactic  acid,  but  different  concentrations  of  Na 
lactate,  separated  by  a  layer  of  amyl  alcohol  has  been  described. 
This  "system  exhibits  electrical  properties  ranging  (as  the  concentra- 
tion of  NaL  is  increased)  from  those  characteristic  of  a  simple  Donnan 
equilibrium  to  those  characteristic  of  simple  diffusion. 

The  fact  that  the  Donnan  p.d.  can  be  treated  as  a  special  case  of  a 
diffusion  potential  has  been  emphasized. 

The  experiments  call  attention  to  the  effect  of  the  thermodynamic 
properties  of  the  membrane,  and  it  is  suggested  that  such  properties  as 
conductivities,  ionic  mobilities,  and  distribution  coefficients  in  mem- 
branes of  any  sort  should  be  investigated. 

The  experiments  afford  an  interesting  example  of  "phase  reversal." 
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That  primary  sarcoma  of  the  stomach  is  rare  has  heen  recognized 
by  our  pathologists.  Sc\cral  writers  have  collected  reports  of  these 
tumors.  In  1900,  Fenwick  '  collected  sixty  cases  in  the  literature  and 
concluded  that  fifty-three  were  authentic.  Idebbe,-  in  1914.  collected 
157  cases.    Haggard  '•'  collected  244  cases  in  1920. 

The  rarity  of  these  tumors  is  readily  seen  from  this  list:  One  sar- 
coma of  stomach  in  840  specimens  (Berlin  Pathological  Institute),  six 
in  13,387  necropsies  (llirsch).  and  eight  in  2.069  malignancies  of 
stomach  (Mayo  clinic  during  live  vcars). 

Ewing  '  has  stated  that  sarcoma  of  the  stomach  constitutes  1  per 
cent,  of  gastric  tumors. 

The  following  case  came  under  my  ohser\ation  while  in  charge  of 
the  first  medical  dixision  pathological  department  of  Columbia  Univer- 
sity at  Bellevue  Hospital. 

REPORT     OF     CASE 

G.  D..  a  mail,  aged  77,  Roiiinaiiian.  single,  was  ailniitted  to  liospital  Jan.  12, 
192,^  with  a  liistory  of  wcalvncss  for  the  last  tlircc  montlis.  He  liaij  liail 
gonorrliea  and  sypiiilis  (fifty  years  ago),  pneumonia  and  fnrunculosis  (two 
years  ago).  Tlicre  was  no  liistory  of  any  injury.  His  father  and  motlier  iiad 
died  of  "old  age."  (Jne  lirothcr  was  living  and  well  and  another  had  died  of 
heart  trouble.  There  was  no  liistory  of  any  chronic  disease  in  the  family,  or 
tobacco  or  alcohol. 

Three  months  previous  to  admittance  the  patient  became  unconscious  in 
the  street.  The  onset  was  sudden,  with  weakness.  Tiiere  was  no  paralysis  or 
injur\'.  He  was  taken  liome  and  became  conscious,  with  the  intense  weakness 
continuing.  His  appetite  had  been  poor  for  three  months,  although  tlierc  was 
no  distaste  for  food.  There  was  no  vomiting,  headaches  or  aiulominal  pain. 
There  was  burning  in  the  epigastrium  of  four  months'  duration,  with  dilliculty 
in  swallowing.  Tlie  patient  had  been  losing  considerable  weight  for  several 
years.  He  occasionally  had  a  productive  cough.  The  bowels  were  constipated. 
There  was  no  pain.  He  rose  once  during  the  night  to  urinate,  otherwise  his 
sleep  was  fair.  His  vision  was  poor  and  the  left  eye  was  blind.  He  had 
weighed  220  pounds  (99  kg.)  and  now  weighed  175  pounds  (74.9  kg.).  The 
loss  had  been  rai)i(l. 


*  From  the   l)e])artment  of  Physiology,  Columbia   Cniversity. 

1.  Fenwick:      Primary  Sarcoma  of  the  Stomach,  Lancet  1:4().?   (Jan.)    I'll! 

2.  Flebbe:      fiber    das    Magensarkom.    Ztschr.    f.    exper.    Path.    u.    Therap. 
12:311-336.  1913. 

3.  Haggard,  W.  D. :  Sarcoma  of  the  Stomach,  Surg.,  tlynec.  &  (  »iist.  31:505 
(Xov.)    1920. 

4.  Ewing,  James:   Neoplastic   Diseases.   Pliiiadelpliia.  W.   B.  Saunders  Com- 
pany. 1919. 


At  the  time  of  examination  tlic  patient  was  lying  quietly  in  bed  and  looked 
chronically  ill.  The  conjunctivae  were  slightly  injected,  and  there  was  a  cataract 
of  the  left  eye  and  arcus  senilis.  Several  teeth  were  missing,  several  had  been 
filled  and  the  remainder  were  carious  with  slight  pyorrhea  beginning.  The 
tongue  was  dry  and  coated,  protruding  in  the  midline.  There  were  no  abnormal 
masses  or  pulsations  in  the  neck.  The  chest  was  symmetrical  but  hyperresonant 
throughout.  The  pulse  was  small  and  regular  with  sclerotic  vessels.  The  heart 
was  enlarged  to  the  left  and  the  sounds  were  poor  in  quality.  The  abdomen 
was  slightly  retracted  and  a  mass  was  felt  in  the  epigastrium.  The  liver  was 
palpable,  three  finger  l)readths  below  the  costal  margin.  The  skin  was  dry  and 
atrophic  and  there  was  moderate  adenopathy.  There  were  slight  petechial 
edema  of  both  legs.  The  blood  pressure,  taken  on  the  right  arm,  was  :  systolic 
lO.S,  diastolic  65.  The  urine  was  acid  with  no  albumin  and  a  specific  gravity 
of  -,020.  The  stool  was  black  and  gave  a  positive  guaiac  reaction.  The  red 
cell  count  was  2,800,000,  the  white  cell  count  was  16,000  and  the  hemoglobin 
was  45  per  cent.     The  nonprotein  nitrogen  in  the  blood  was  48  mg.,  the  creatinin 


Fig.  1. — The  stomach,  showing   the  sarcoma   in  the  cardiac  region. 


1.8  mg.,  and  the  uric  acid  2.26  mg.  The  ])atient  died  Jan.  16.  1923.  The  diagnosis 
was  as  follows:  neoplasm  of  the  stomach;  arteriosclerosis  (general);  chronic 
myocarditis  ;  senility. 

A'ccropsy. — The  body  was  that  of  a  well  developed  white  man.  about  78  years 
of  age,  5  feet  9  inches  (164  cm.)  in  height.  The  skin  was  much  wrinkled.  The 
hair  distribution  was  normal.  There  were  no  noticeable  changes  in  the  external 
nares,  mouth,  ears  or  eyes.     The  external  genitalia  were  normal. 

Abdomen. — A  midline  incision  was  made  in  the  trunk  in  front.  The  peri- 
toneum was  smooth  and  glistening.  The  diaphragm  extended  upward  to  the 
fifth  interspace  on  the  right,  and  to  the  upper  margin  of  the  sixth  rib  on  the  left. 

Chest. — There  was  considerable  yejlow  fat  over  the  pericardium.  The  pleura! 
cavities  were  dry.     The  lungs  were  normally  free. 

Heart. — The  visceral  and  parietal  layers  of  the  pericardium  were  smooth  and 
glistening,  and  contained  the  normal  amount  of  straw  colored  fluid.  The  heart 
was  normal  in  size.  In  the  right  side  of  the  heart  there  was  a  small  quantity  of 
deep  red,  partially  clotted  and  fluid  blood.  The  auriculoventricular  junction 
admitted  the  entrance  of  two  fingers.  The  endocardium  of  the  right  side  of  the 
heart  was  well  preserved  and  the  pulmonary  valves  and  pulmonary  artery  were 
normal.     The  endocardium  of  the  left  side  of  the  heart  w-as  normal.     The  mitral 


valve  was  unclianyod.     Tlic  aortir  valves  were  slightly  ihickeiud.     The  surfaces 
made  Ijy  sectioniny  the  liearl  imiscle  were  dark  red. 

Lungs. — These  were  easily  removed.  They  were  large,  of  iicinnal  weight 
and  they  crepitated  thnniglioiit.  On  the  surface  of  both  lungs  there  were 
mottled  white  and  black  regions.  Tiiese  hlack  regions  were  more  marked  at 
the  apices.  The  surfaces  made  by  sectioning  had  a  few  white  nodules,  the 
size  of  a  pinhead,  firm,  and  extended  slightly  over  these  surfaces.  The  mucosa 
of  the  large  bronchi  was  normal.  The  peribronchial  lymi)h  glands  were  not 
enlarged. 


Fig.  2.— The  liver  with  the  metastatic  nodules  of  the  sarcoma. 


.S>/(-(-;;. — There  was  no  ncitewortby  gross  pathologic  cliange. 

Pancreas.— \t  was  small  and  ])ink.  The  surfaces  made  by  sectioning  were 
normal. 

.V»;'r(/;<';;(r/.s-.— They  were  small.  The  cortices  were  narrow  and  yellow.  The 
medullae  w'crc  smooth   and  gray. 

Kidneys.— They  were  small  and  embedded  in  fat.  Their  capsules  were  thick- 
ened, and  stripped  with  difficulty,  leaving  a  granular  surface.  They  did  not  cut 
easily.  The  cortices  and  meduliac  were  not  well  differentiated  and  the  cortices 
were  contracted.     The   ])el\es  contained  a   small  amount  of  fat. 

Urinary  BIaddcr.^\t  was  slightly  distended  with  amber  colored  urine.  The 
mucosa  was  i)ale.    Tiie  openings  of  the  ureters  were  patent. 
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Fig.  3.— Microscopic  section  of  the  large  spindle  cell  sarcunia  of  the  stomach. 
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Prostate  Gland. — There  was  no  marked  gross  pathologic  change. 

Testicles. — They  were  small.  The  surfaces  made  by  sectioning  were  smooth 
and  yellow.     The  tubules  were  easily  removed. 

Aorta.— The  abdominal  and  thoracic  aortae  were  normal  in  calil)er  and 
thickness.  There  were  a  few  small  yellow  plaques  about  from  2  to  4  mm. 
in  diameter  in  the  abdominal  aorta. 

Lymph  Nodes. — The  retroperitoneal  lymph  nodes  were  unchanged.  Tin- 
organs  of  the  neck  and  brain  were  not  examined. 

Stomach. — The  tumor  was  located  at  tlie  cardiac  portion,  and  was  13  cm. 
wide  and  10.3  cm.  long.  It  was  5  cm.  thick  near  the  center,  firm,  hard,  grayish 
white  and  cut  with  resistance.  Most  of  tlie  tumor  mass  was  along  the  greater 
curvature.  The  center  of  the  tumor  was  markedly  ulcerated,  soft  and  irregular. 
The  surfaces  made  by  sectioning  had  a  fibrous  appearance.  The  outer  surface 
of  the  stomach  in  the  region  of  the  tumor  was  the  size  of  an  ostrich  egg  aii<l 
was  markedly  adherent  to  the  diaphragmatic  surface.  The  stomach  weighed 
1,680  gm.  It  was  larger  than  normal.  From  the  lower  edge  of  the  tumor  to 
the  pylorus  it  was  18.2  cm.  long  and  averaged  8.5  cm.  wide.  The  rugae  were 
distinct  and  the  surfaces  were  mamniillated. 

Liver. — It  weighed  1,055  gm.,  and  was  studded  witli  huge  nodules,  the  largest 
measuring  2  by  1.8  cm.  in  its  largest  diameter,  and  the  smallest  1  by  2  mm. 
These  nodules  were  umbilicated,  grayish  yellow,  hard  and  cut  with  resistance. 
On  the  surfaces  made  by  sectioning  there  were  a  few  small,  transparent  regions 
.surrounded  by  darker  yellow  zones.  The  centers  were  often  necrotic.  These 
surfaces  were  grayish  yellow  and  had  a  fibrous-like  arrangement  of  the  tissue. 
The  lower  surface  of  the  inferior  lobe  was  not  so  greatly  involved  as  the  upper 
portion,  but  the  surfaces  made  by  sectioning  had  as  much  involvement. 

Anatomic  Diagnosis. — Primary  neoplasm  of  the  cardiac  portion  of  the  stom- 
ach ;  metastatic  neoplasm  of  the  liver;  chronic  interstitial  neplirilis;  emphysema 
of  the  lungs ;  general  arteriosclerosis. 

Microscopic  Pathology. — The  cells  in  the  tumor  were  arranged  in  bundles 
and  had  replaced  the  normal  tissue.  The  bundles  and  cells  were  closely  packed 
together.  The  cells  were  spindle  shaped  and  the  majority  were  large,  hyper- 
chromatic  and  irregular.  TJie  nuclei  contained  mucli  chrnmatin  and  there  were 
nucleoli  in  80  per  cent,  of  the  cells. 

Liver. — The  nodules  contained  cells  closely  resembling  those  described  in 
the  foregoing  paragraph.  Normal  liver  tissue  surrounded  these  nodules,  but 
the  liver  cells  immediately  surrounding  the  tumors  were  pyknotic  and  loosely 
arranged.     On  the  outer  edge  of  the  nodules  were  islands  of  pyknotic  liver  cells. 

Microscopic  Diagnosis. — Large  spindle-cell  sarcoma  of  the  stomach,  with 
metastatic  sarcoma  of  tlie  liver. 
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Hooker  (1),  makes  the  statement  that  after  bilateral  vagotomy,  the 
heart  has  a  ph^'siological  maximum  rate  beyond  which  no  further  increase 
is  possible.  Stimulation  of  an  afferent  nerve  fails,  under  these  conditions, 
to  give  any  further  acceleration  of  the  heart.  Recently  I  made  a  similar 
statement  (2),  and  the  experiments  reported  here  were  begun  with  the  idea 
of  testing  the  validity  of  this  statement  by  further  evidence.  In  order  to 
do  this,  I  decided  to  use  some  stimulus  other  than  that  coming  in  over  an 
afferent  nerve.  Adrenalin^  was  chosen,  since  by  its  intravenous  injection 
a  powerful  stimulant  would  be  carried  to  the  heart  in  the  blood  stream. 

There  is  strong  presumptive  evidence,  at  least,  at  hand  now  that  cardiac 
acceleration  above  a  certain  autochthonous  rate  in  an  animal  does  not 
come  about  as  the  result  of  inhibition  of  the  inhibitoiy  mechanism ;  conse- 
quently section  of  the  vagi  does  not  in  any  way  interfere  with  any  increase 
in  heart  rate  which  we  might  afterwards  obtain.  Hunt  (3)  recorded  the 
fact  that  he  could  never  obtain  an  acceleration  of  the  heart  after  doul)le 
vagotomy  as  proof  that  cardiac  acceleration  must  occur  as  the  result  of 
inhibition  of  these  nerves,  but  he  did  not  take  into  consideration  the 
possibility  of  a  phj^siological  maximum  heart  rate  after  section  of  the  vagi. 
Stewart  (4)  and  his  collaborators  noted  that  the  usual  changes  in  heart 
rate  during  cerebral  anemia  were  never  so  prominent  after  division  of  the 
vagi.  This  fact  is  now  being  studied  in  greater  detail  by  Dr.  Helen  C. 
Coombs  .2 

The  injection  of  adrenalin  under  ordinaiy  circumstances  results  in  a 
rise  of  blood  pressure  and  a  markedly  accelerated  heart,  but  sometimes 
the  heart  may  become  inhibited  reflexly  through  the  vagus  mechanism  if 
the  vagi  are  intact.  If  the  vagi  are  intact,  the  heart  is  not  beating  at  its 
physiological  maximum  rate,  if  we  assume  that  the  maxinunn  rate  is 
reached  only  after  double  vagotomy,  and  consequently  we  would  expect 
the  possibility  of  an  increase  in  rate  when  the  vagi  are  intact.  Stimula- 
tion of  many  sensory  nerves  gives  the  same  results  as  adrenalin  wIkmi  the 
vagi  are  intact.     The  object  of  these  experiments  was  to  find  out  if  there 

'  Suggested  by  Prof.  F.  H.  Pike. 
^  Personal  communication. 
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is  any  further  increase  in  the  rate  of  the  heart  on  injection  of  adrenalin 
after  the  vagi  are  sectioned.  If  there  is,  then  we  are  not  justified  in  con- 
cluding that  the  heart  has  reached  its  physiological  maximum  rate  after 
double  vagotomy.  On  the  other  hand,  if  there  is  no  marked  increase 
in  the  heart  rate,  we  are  justified  in  concluding  that  the  heart  has  reached 
its  physiological  maximum  rate,  beyond  which  it  can  not  be  any  further 
increased  after  bilateral  vagotomy. 

We  are  justified  in  using  adrenalin  for  these  experiments  because  it  is 
known  that  adrenalin  acts  directly  on  the  heart.  According  to  Stewart 
(5),  the  heart  is  directly  stimulated  by  adrenalin.  Levy  (6)  and  Gasser 
and  Meek  (7)  have  also  shown  that  a  denervated  heart  will  respond  by  a 
quickened  beat  to  extremely  small  concentrations  of  adrenalin  injected 
intravenousl3^  The  increase  in  rate  may  be  as  much  as  28  beats  per 
minute.  Elliot  (8)  has  shown  that  the  action  of  adrenalin  on  any  part  of 
the  body  is  practically  identical  with  that  of  excitation  of  the  sympathetic 
nerve  supply  to  that  part. 

The  action  of  adrenalin  on  the  isolated  heart  is  best  shown  on  the  per- 
fused heart  or  in  the  heart-lung  preparation.  On  adding  this  substance 
to  the  blood  passing  through  such  a  preparation  an  effect  is  at  once  pro- 
duced. This  action  is,  like  that  of  the  sympathetic  nerves,  accelerator 
and  augmentor.  Through  its  influence,  the  rhythm  cf  the  heart  is 
markedly  increased  in  the  dog  to  about  240  per  minute  (9). 

Cannon  (10)  has  employed  the  completeh'  denervated  heart  as  an  indi- 
cator of  adrenal  secretion.  Since  this  organ  is  no  longer  under  the  control 
of  nerv^ous  impulses,  it  is  acted  upon  only  by  agencies  acting  through  the 
circulation.  It  is  highly  sensitive  to  circulating  adrenalin.  Afferent 
stimulation  causes  the  heart,  disconnected  from  the  central  nervous 
system,  to  increase  to  a  marked  degree  its  rate  of  beat.  In  the  published 
reports  the  increments  ranged  from  24  to  52  beats  per  minute.  After  the 
adrenals  were  removed,  there  was  no  increase  of  rate  or  only  a  slight 
increase. 

In  another  publication  (11)  the  same  author  points  out  that  the  strik- 
ing cardiac  acceleration  which  follows  afferent  stimulation  when  the  adre- 
nals are  the  only  responsive  abdominal  viscera,  and  the  absence  of  this 
reflex  acceleration  when  thereafter  the  adrenals  are  removed,  can  be 
explained  only  by  the  action  of  secreted  adrenalin  reflexly  increased  and 
carried  to  the  heart  in  the  circulation. 

He  further  proves  in  the  same  paper  that  the  denervated  heart  in  the 
"reduced"  animal  is  a  means  of  assaying  adrenalin  since  repeated  equal 
doses  injected  intravenously  at  a  uniform  rate  repeatedly  produced  in  a 
given  animal  the  same  or  nearly  the  same  maximal  increases  of  heart  beat 
and  if  the  injections  differed  in  rate,  the  increases  likewise  differed  in 
degree. 
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From  these  experimental  facts  it  would  seem  that  we  are  justified  in 
using  adrenalin  in  experiments  in  which  we  wish  to  determine  whether  any- 
further  acceleration  of  the  heart  rate  is  possible  after  bilateral  vagotomy. 

Experimental  procedure.  All  the  experiments  were  done  on  cats.  Blood 
pressure  and  heart  rate  were  recorded  by  means  of  a  mercury  manometer 
connected  to  the  left  carotid  artery.  Tracings  were  made  on  a  Hlirthle 
kymograph.  The  time  was  recorded  in  seconds  by  means  of  a  Jacquet 
chronograph.  A  signal  magnet  served  as  the  base  line  for  blood  pressure 
and  also  indicated  the  time  of  injection  of  adrenalin  or  of  anj^  other  experi- 
mental procedure.  Adrenalin  was  injected  by  means  of  a  hj^podermic 
needle  which  was  plunged  into  the  fem,oral  vein.  The  heart  rate  was  later 
computed  in  10-second  intervals. 

Effect  of  injection  of  adrenalin  on  heart  rate  after  double  vagotomy.  After 
a  normal  tracing  of  blood  pressure  and  heart  rate  was  taken,  both  vagi 
were  sectioned.  The  blood  pressure  and  heart  rate  increased,  and 
remained  at  the  higher  level.  A  small  amount  of  adrenalin  was  then 
injected  into  the  femoral  vein.  Immediately  the  pressure  rose,  in  some 
cases  to  double  the  original  pressure.  On  computing  the  heart  rate, 
however,  it  was  found  that  there  was  no  change  in  the  rate  after  the  injec- 
tion of  adrenalin  from  what  it  was  after  double  vagotomy. 

In  a  previous  publication  (loc.  cit.)  I  have  also  shown  that  there  is  no 
increase  in  the  rate  of  the  heart  on  stimulation  of  a  sensory  nerve  after 
double  vagotomy.  Further  experiments  of  this  nature  were  also  done 
here  and  the  same  results  were  obtained. 

It  would  seem  from  the  results  obtained  here  that  Hooker's  statement  in 
regard  to  the  physiological  maximum  rate  of  the  heart  is  correct  and  his 
view  is  further  confirmed  by  these  obsei"\'ations. 


After  double  vagotomy 

After  injection  of  adrenalin. 


BLOOD  PRESSURE 


140 

180 


HEART   RATE   IN 
10  SECOND  PERIODS 


35 
35 


SUMMARY 

Twenty  experiments  were  done  on  cats  to  determine  if  the  heart  rate 
could  be  further  increased  after  section  of  the  vagi,  bj'  injection  of  adrena- 
lin. A  tracing  of  blood  pressure  and  heart  rate  after  double  vagotomj'' 
and  before  injection  of  adrenalin,  and  another  tracing  of  the  blood  pressure 
and  heart  rate  after  adrenalin  was  injected,  are  given.  These  two  tracings 
are  representative  of  a  great  many  which  were  obtained. 

The  results  obtained  seem  to  show  that  the  heart  beats  at  its  physiologi- 
cal maximum  after  double  vagotomy  and  that  no  further  increase  in  rate 
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can  be  obtained  either  by  injection  of  adrenalin  or  by  the  stimulation  of  a 
sensory  nerve.  The  recognition  of  this  fact  would  help  to  clear  up  much  of 
the  confusion  in  the  literature  regarding  cardiac  acceleration. 

CONCLUSION 

After  both  vagi  have  been  sectioned,  the  rate  of  the  heart  is  at  its  physio- 
logical maximum  and  it  can  not  be  increased  any  further  by  stimulation  of 
a  sensory  nerve  or  by  the  injection  of  adrenalin.  Hooker's  statement  is 
further  confirmed  by  these  experiments. 
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THE  EIXTHOVEX  STRING  GALVANOMETER, 

A  THEORETICAL  AND  ENPERIMENTAL  STUDY* 

By  Horatio  B.  Williams 

Introduction 

More  than  twenty  years  have  elapsed  since  Einthoven  described  his  string  galvanometer 
(1)  which  has  corr.e  to  be  widely  used  in  physiological  laboratories  as  well  as  in  hospitals  and 
clinics.  Arrong  these  who  are  fanuliar  with  this  instrument  the  question  has  often  arisen  why 
it  has  never  con~.e  into  general  use  arrong  phN-sicists  and  engineers.  There  arc  probably  a 
number  of  reasons.  Einthoven 's  original  instrument  was  designed  to  meet  his  own  laboratory 
requirem.ents  without  regard  to  the  problem  of  future  duplication  and  it  did  not  prove  attrac- 
tive to  instrum.ent  makers  on  account  of  the  cost  of  production.  When  the  importance  of  the 
work  being  carried  on  in  the  Leyden  laborator>-  created  a  demand  for  string  galvanometers  in 
other  institutions,  instrurrent  rrakers  attempted  to  design  niodels  of  less  expensive  U^pc-. 
The  designers  of  these  instruments  were  at  a  disadvantage  in  having  had  no  e.vpericnce  in  the 
actual  use  of  a  string  gaharcmeter  and  none  of  these  early  models  approached  Einthoven's 
original  instrument  in  convenience,  sensitivity  or  precision.  The  writer  still  has  vivid  recollec- 
tions of  his  astonishment  at  seeing  the  performance  of  the  Leyden  instrument  after  having 
worked  for  two  years  with  one  of  the  early  com.m.ercial  tjpes.  These  early  models  were  by  no 
means  inexpensive  and  still  cheaper  designs  were  put  out,  somctim.es,  unfortunately,  with 
extravagant  claim  s  to  the  effect  that  they  were  fully  equivalent  to  the  Leyden  instrument.  On 
account  of  their  low  price  some  of  these  found  their  way  early  into  physical  laboratories 
and  being  entirely  unsuited  for  serious  work  they  tended  to  discredit  the  string  galvanometer 
and  create  an  impression  that  it  is  a  troublesome  instrument  to  handle.  This  was  particularly 
regrettable  as  it  has  probably  prevented  the  inception  of  much  useful  investigation. 

Some  ten  years  ago  fortuitous  circumstances  led  the  writer  to  undertake  the  design  of  a 
string  galvanometer  intended  to  approxim^ate  the  good  qualities  and  performance  of  the 
original  design  of  Einthoven  without  presenting  as  much  difficulty  from  the  standpoint  of 
manufacture.  The  success  which  attended  this  effort  has  led  to  the  design  of  two  other  t>pes 
one  of  which  is  still  undergoing  developm.ent.  These  will  be  fully  described  in  a  subsequent 
section  of  this  series  of  papers.  In  the  course  of  this  work  much  data  has  been  amassed 
regarding  the  physical  constants  of  these  and  other  m.odels  of  the  string  galvanometer  and 
som.e  new  methods  of  determining  in  portant  constants  have  been  developed.  No  systematic 
study  of  the  constants  of  anj'  string  galvanom.eter  has-been  published  so  far  as  the  writer  is 
aware  except  the  verj^  com:plete  data  regarding  the  Leyden  instrument  conimunicated  by 
Einthoven  (2,  3).  It  seem-S  desirable  therefore,  to  make  some  of  this  material  available  in 
connection  w  ith  the  description  of  the  new  designs  above  referred  to,  especially  as  these  data 
relate  to  instrum^cnts  now  w  idely  used.  One  of  the  Editors  of  this  Jou,  nal  suggested  that  it 
nught  be  wise  to  extend  the  scope  of  the  paper  so  as  to  include  the  mathematical  theor>-. 
general  principles  of  design  and  construction  and  a  discussion  of  applications  other  llian 
physiological  for  which  the  string  galvanom.eter  is  especially  suitable.  The  theor>-  of  the 
instrument  has  been  treated  by  several  authors,  (2,  3,  4,  5,  6,  7,  8)  and  it  was  the  writer's 

*This  paper  deals  with  the  theory.    A  second  paper  will  follow  at  an  early  date. 
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original  intention  not  to  discuss  it.     It  has  seemed  iK-st  after  consideration  lo  do  vj,  ;■.".;>■ 

because  with  the  single  exception  of  Crehore's  paper,  all  discussions  of  the  theors-  hav.   •    .  n 

printed  in  foreign  languages  and  some  in  journals  not  readily  accessible  ' 

cists.    Kinthoven's  original  discussion  of  the  theory- assunp-cs  that  the  str: 

be  regarded  as  a  system  with  but  one  degree  of  freedom.    An  anal>'sis  based  on  this  assti  •.[>- 

tion  actually  gives  a  sufliciently  close  approximation  to  ser\-e  as  a  basis  for  the  usv  of  the  in  •  ni- 

nrcnt,  but  leaves  doubts  regarding  certain  points  until  these  have  been  disposed  of  by  a  :■  .re 

general  anahsis.    Hertz  (4)  attenpted  a  general  anal\'sis,  but  the  usefulness  of  his  work     ;f. 

lin  ittd  by  his  apparent  unfamiliarity  with  the  actual  instrument.    Fahr  (6)  sets  up  the  j. .  • :  il 

difTercnlia]  equation,  but  avoids  it  and  proceeds  to  treat  the  problem  b> 

dilTertntia!  equation,  which  again  limits  the  generality  of  the  result  to 

dcm.     His  paper  is  excellent  and  ver^-  practical  and  it  is  unfortunate  •  n 

by  an  American,  it  was  publish* d  in  a  Gem  an  journal  which  limits  its  a'  ;t 

really  gen  eial  trcatn  cnt  of  the  thecrj-  is  that  of  Crehore,  (7)  but  his  paper  seenrs  to  have 

proved  diffcult  riading  to  n^any,  perhaps  on  account  of  its  condt-nst-d  fonn  and  the  r:  •  of 

the  noimal  coordinate  n(,taticn  which  is  unfan  iliar  to  mx>st  engineers.    Crehore's  equ;:'      - 

have  been  left  in  a  gcr.cial  fcjm  which  fai!s  ton akce\;' 

in  w  hich  they  night  be  applied  to  a  concrete  proljlem.  ai. 

the  cfTcct  of  the  partial  rrodes  of  the  string's  vibration  on  i 

seems  to  recjuire  further  in\tstigation,  particularly  as  th( 

uniform,  magnetic  f;eld,  differs  m.easurably  from  the  act  n 

of  the  partials  seen  s  to  have  raised  doubts  as  to  the  av  i.-i  .;..  i;_...i ;.;  ...  ,        < 

analysis  of  wave  form  and  similar  applications  withot  •  lata  for  a  decision.     1     re 

has  recently  con  c  to  the  writer's  attention  a  paper  by  I  ....  , 

familiar  with  Italian  will  do  well  to  consult.    The  jxipt 

treats  the  problem  on  tlie  basis  of  one  degree  of  frvedom,  Ural,  Luv.t .  i.r,  iniiiuiUiii;  lla:  !;..      'f 

de\elopment  of  the  general  theorj*. 

It  seems  desirable  in  view  of  what  has  lx^en  m.enton.  » 

more  with  suflicicnt  generality  to  ansv\  er  the  questions  > 

approximate  theory-.    The  writer  is  an  experimentalist ;'.:  t  nse  to  pr  n 

the  application  of  mathematical  analysis.    Tor  this  rt-a.-.i.  ~  that  the 

not  present  serious  analytical  difT.cultiis  to  other  experinrni.  '  mathto';  ' 

ments  n  ay  be  of  the  san^.e  general  order  of  m.cdiocrit  '  i 

certain  of  meeting  the  ncidsof  the  class  of  readers  for  wh 
more  of  the  steps  of  analysis  than  is  usually  done  in  th< 
attention  from  the  main  is.sues,  these  intermediate  stt  j 

w  hich  reference  w  ill  be  made  by  small  letters,  a,  b,  etc.    Citations  oi  related  matter  -  i 

treatises  on  mathematics  and  matlumiitical  phj-sics  will  also  be  made.     The  .■-:'. 

applying  the  results  to  concrete  problems  will  be  indicated  and  illustratixx  cxa:  ;  .  <  wiD 
present  theff^elves  naturally  in  connection  with  discussion  ■  "  "'     "        '  -  •-  -    :  •- 

It  is  a  matter  of  sen  e  dill"  culty  to  irakc  proper  acknowi'  ;  Tatlit- 

natical  mxtlodsuscd.    These- have  come  to  be  more  or  less  .  nc 

well  known  works  have  been  freely  consulted:  Thomson 

Rayleigh's  Theory  of  Found,  /,  chapters  III-\I  inclusi\.  i 

Spherical  Ham  onics,  Forsyth's  Treatise  on  Diffeantial  Kcii  .  m! 

Calculus.  In  particular  the  complementary  function  of  equation  (8)  has  been  taken  w  •.  a 
slight  transfom-.ation  from  Professor  Byerly's  book.  p.  115.  The  solution  of  (7)  for  -  .ill 
values  of  the  dan  ping  is  well  known  as  it  is  one  of  the  important  equations  in  the  th<^  ■  o: 
sound.  The  solutions  lor  critical  and  more  thr^n  critical  dan  ping  I  ha\T  not  seen  in 
litciature,  though  it  would  be  ren  arkablc  if  they  have  not  Unn  ei\Tn.  The  solutions! 
and  (16)  are  original.  I  am  indebted  to  Profcssiir  Law  .<  • 
from  his  discussicn  of  the  theory  of  moving  coil  and  n.i> 


■■I! 
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on  Electrical  Measurements.    My  obligation  to  previous  writers  on  the  theor>'  of  the  strino- 
galvanometer  is  obvious,  but  particular  mention  should  be  made  of  Dr.  Crehore's  paper. 

Part  I.  The  Mathematical  Theory 

1.     STEADY  CONTINUOUS  CURRENT,  EQUILIBRIUM. 

For  the  purpose  of  this  part  of  the  discussion,  the  string  galva- 
nometer may  be  described  as  consisting  of  a  fixed  magnetic  field  of 
considerable  strength,  20,000  gauss  or  more,  uniform  in  the  direction 
of  the  string's  motion  and  fairly  so  in  the  direction  of  its  length. 
In  this  field  is  stretched  a  very  light  conductor,  usually  a  quartz 
fiber  coated  with  a  thin  layer  of  silver  or  gold.  The  usual  diameter 
of  these  fibers  is  from  .001  to  .0025  mm.  The  motion  of  the  fiber 
is  magnified  by  means  of  a  microscope  introduced  through  a  per- 
foration in  the  middle  of  the  polepicce,  the  opposite  polepiece  being 
likewise  perforated  for  a  similar  microscope  used  to  illuminate  the 
string.  The  magnified  shadow  may  be  observed  directly,  or  pro- 
jected, and  its  motion  when  too  rapid  for  visual  observation,  may 
be  recorded  photographically  after  the  manner  familiar  to  users  of 
the  oscillograph.  JMicrometric  adjustment  is  provided  for  altering 
the  tension  of  the  string  and  in  this  manner  the  period  and  sensitiv- 
ity of  the  instrument  may  be  altered  over  a  wide  range. 

We  shall  first  develop  the  equations  which  apply  when  a  steady 
continuous  current  has  flowed  through  the  string  long  enough  so 
that  equilibrium  has  been  established.  In  this  section  of  the  paper 
we  may  assume  that  the  field  is  perfectly  uniform.  The  actual  dis- 
tribution of  the  field  and  its  eft"ect  on  the  string's  motion  and  also 
a  method  for  determination  of  the  uniform  eft'ective  field  in  which 
the  steady  deflection  for  continuous  current  will  be  the  same  as  in 
the  actual  field  will  be  considered  later. 

Let  H    be  the  strength  of  the  eft'ective  field  in  gauss, 

/,    the  steady  continuous  current  in  cgs  units, 

U,  the  deflection  of  the  middle  point  of  the  string  in  centi- 
meters, 

L     the  length  of  the  string  in  centimeters, 

w,  the  linear  density  or  mass  per  unit  length  of  the  string 
in  grams  per  cm. 

To,  the  free  period  of  the  string  in  seconds,  without  damping, 

T,  the  tension  on  the  string  in  dynes, 

;-,     the  radius  of  curvature  of  the  string  at  any  point,  in  centi- 
meters. 
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The  force  acting  on  any  elementary  length,  dl,  of  the  string, 
is  HIdl.  Under  the  condition  of  equilibrium,  this  is  balanced  by 
the  elastic  restoring  force  due  to  the  tension  on  the  string.  The 
tension  is  assumed  to  be  so  great  that  the  slight  increase  in  it  due 
to  the  deflection,  which  is  assumed  small,  is  negligible  in  comparison. 
We  proceed  to  find  an  expression  for  this  restoring  force. 

In  Fig.  1,  Tx  and  T2  represent  the  tensions  acting  at  the  ends  of 
an  infinitesimal  arc,  dl,  of  the  string,  and  may  be  regarded  as  pro- 
longations of  the  tangent  lines  at  the  ends  of  the  arc.  The  elastic 
restoring  force  is  evidently  numerically  equal  to  the  normal  com- 


I'lG.  1. 

ponent  of  these  tensions,  Ndl.  Take  T  as  the  arithmetical  mean  of 
the  two  tensions,  Ti  and  T2,  which  in  no  case  can  differ  greatly 
since  the  arc  is  infinitesimal.  0  is  the  angle  through  which  the  tangent 
line  turns  in  passing  from  one  end  of  the  arc  to  the  other,  this  angle 

differing  by  an  infinitesimal  amount  from  zero.    Then  ^  '       =»m  y> 

ft  ft 

oxNdl  =  2T  sin  y     Since  0  is  an  infinitesimal  angle,  sin  -y  is  equal 

a  " 

to  -y  and  Ndl  =  Td.   By  the  definition  of  an  angle  in  terms  of  the  arc 

subtended  and  the  radius  of  curvature,  6  =  dl/r,  whence, 

T 
Ndl  =  ~dl  (1) 

r 

(1)  may  be  stated  in  words,  thus:  the  normal  component  of  the 
tension  over  any  elementary  length  of  the  string  is  numerically 
equa'  to  the  average  tension  throughout  the  elementary  length 
divided  by  the  radius  of  curvature  at  this  element.  (Appendix  a). 
When  no  current  is  passing  through  the  string,  the  tension  is 
uniform  throughout  its  length.  If  the  impressed  forces  have  tan- 
gential components,  then  in  the  deflected  position  these  tangential 
components  will  act  along  the  string  to  produce  variations  of  tension. 
In  the  uniform  field  in  which  we  assume  the  string  to  be,  the  fo  ces 
act  everywhere  perpendicular  to  the  lines  of  force  and  perpendicular 
to  the  string. 
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The  curvature  will  be  in  a  plane  at  right  angles  to  the  lines  of 
the  fixed  field.  Initially  all  the  forces  acting  on  the  string  are  parallel 
to  each  other  since  the  undefiected  string  is  straight.  So  soon  as 
deflection  begins  to  take  place  a  new  disposition  of  things  arises. 
If  the  string  were  like  a  cha  n  or  cable,  stretched  horizontally  and 
acted  upon  by  gravity,  the  forces  would  remain  parallel  to  each  other 
as  deflection  takes  place.  The  force  acting  between  a  flexible  con- 
ductor carrying  current  and  a  fixed  homogeneous  field  at  right  angles 
to  it  is  everywhere  perpendicular  to  each  elementary  length  of  the 
conductor.  This  is  true  in  deflected  as  well  as  in  undefiected  positions. 
Since  the  forces  are  everywhere  at  right  angles  to  each  clement  of 
length  of  the  string,  it  follows  that  the  tangential  components  of 
force  are  everywhere  zero  and  the  tension,  T,  is  constant  throughout 
the  string  in  deflected  as  well  as  in  undeflected  positions.    From  (1) 

T 
we  have  that  the  normal  component  of  tension,  ^dl  =  —dL  and  this 

r 

is  equal   to  the  impressed  force,  HIdl,  over  the  same  element  of 

length  since  the  forces  are  in  equilibrium.     S  nee  (1)  the  current 

through  the  string  has  everywhere  the  constant  value  /,  (2)  the  field 

has  everywhere  the  constant  value  H  and  (3)  we  have  shown  that 

the  tension  is  uniform,  we  may  dispense  with  the  differential  nota- 

T 
tion  and  write  simply,  —  =HI  per  centimeter  length.     Hence  we 

see  that 

1       /// 

-  =  --  (2) 

r         1 

That  is,  the  reciprocal  of  the  radius  of  curvature  is  a  constant. 
The  reciprocal  of  the  radius  of  curvature  is  a  measure  of  the  curva- 
ture and  the  curve  of  constant  curvature,  (radius  of  constant  length), 
is  a  circle. 

The  form  of  the  string  when  deflected  by  constant  current  in  an 
uniform  field  is  therefore  a  circular  arc.    (Appendix,  b). 

In  F  gure  2,  let  AC  be  the  undeflected  string  of  length  l^AC 
and  let  ABC  be  the  circular  arc  into  which  it  is  deflected  by  the 
e'ectromagnetic  forces  when  it  is  traversed  by  the  current,  /,  in 
the  fixed  field,  H.  The  deflection  of  the  middle  point,  5,  from  the 
position  it  occupies  when  the  string  is  a  straight  line,  we  shall  call  U, 
Ois  the  center  of  the  circular  arc  and  05,0^,  are  radii,  equal  to  r. 
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From   the   geometry   of   the   figure   we   deduce   without  difficulty, 
neglecting  the  square  of  the  small  quantity,  U,  that 


8U 


(3) 


(See  appendix  c). 

Equation  (2)  may  be  written,  T  =  HIr  and  on  substituting  in  this 
the  value  of  r,  just  obtained,  we  have, 

Hir~ 
T  = (4) 

8U 


3 


Fk;    2 

The  equation  connecting  the  length,  linear  density,  tension  and  free 

undamped   period   of    a    vibrating   stretched  string  is,To  =  2//l/y,- 

We  shall  derive  this  equation  later  in  connection  with  the  solution 
of  the  equations  of  motion  of  the  string.  For  the  present  we  shall 
assume  it.  (It  can  be  found  in  almost  any  elementary  discussion  of 
acoustics).    From  it  we  readily  obtain, 

(5) 


T  =  - 


T0~ 


Equating  the  right  hand  members  of  (4)  and  (5),  /^  drops  out  and 

we  obtain, 

32m  U 

H=-—r  (6) 

It  is  obvious  that  this  equation  may  be  written  in  various 
forms  in  order  to  get  any  one  of  the  quantities  involved  in  terms  of 
the  others.  As  it  stands,  it  indicates  a  method  of  determining  the 
field  strength  experimentally.  This  method  will  later  be  described 
in  detail  and  for  the  present  it  may  be  assumed  that  all  of  the 
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quantities  in  (6)  are  readily  determinable  with  a  good  degree  of  ac- 
curacy. 

2.     THE  EQUATIONS  OF  MOTION 

The  partial  differential  equation  of  motion  of  a  stretched  string, 

subject  to  the  action  of  a  periodic  impressed  force  and  to  damping 

forces  of  frictional  or  other  nature  which  may  be  treated  as  simply 

proportional  to  the  velocity  of  the  string's  motion,  is,  (Appendix  d), 

d~u       k  du        ^d''u     '^'^Hlr,  STTX 

— -  H a- =   >       >      cos  nul  ■  sin (7") 

T 
In  this  equation  a^  =  —  and  co  =  2  7r/, /,  being  the  fundamental  fre- 
quency of  the  periodic  impressed  force;  t,  is  elapsed  time,  ii,  the  or- 
dinate, and  X,  the  corresponding  abscissa  of  any  point  on  the  string, 
the  origin  being  taken  at  one  end  of  the  string  and  the  zero  position 
of  the  string  as  coincident  with  the  A''-axis.  In  is  the  maximum 
amplitude  of  any  harmonic  component  of  the  current  through  the 
string,  «,  being  the  order  of  any  harmonic  and  equal  to  unity  for 
the.  fundamental  frequency.  The  length  of  the  string,  as  before  is,  /, 
k,  is  the  coefficient  of  damping,  and  includes  all  damping  from  what- 
ever cause,  s,  is  an  integer  which  may  be  interpreted  as  representing 
the  order  of  any  partial  mode  of  the  string's  vibration.  The  double 
sign  of  summation  indicates  that  a  doubly  infinite  series  of  equations 
of  this  form  must  be  written  to  express  the  motion  completely, 
corresponding  to  the  infinite  number  of  values  which  n  and  .y  can 
separately  assume,  the  second  member  of  the  equation  representing 
any  periodic  force  acting  at  every  point  of  the  string.    The  factor, 

sin  -^,  indicates  that  the  shape  of  the  string  will  be  represented  by 

a  series  of  sine  curves  such  that  for  x  =  0  and  x  =/,  the  deflection  will 
always  be  zero. 

The  cosine  factor  in  the  second  member  indicates  that  we  may 
assume  the  periodic  impressed  force  to  be  made  up  of  an  infinity  of 
simple  periodic  terms  to  each  of  which  there  corresponds  a  particular 
value  of  /„.  We  might  have  represented  this  force  by  a  series  of 
sine  terms,  but  it  may  assist  in  avoiding  confusion  with  the  terms 
expressing  the  shape  of  the  string  to  use  a  cosine  series  for  the 
force.  The  shape  of  the  string  could  also  have  been  expressed  in 
cosine  terms,  but  in  that  case  the  origin  would  have  to  be  taken  at 
the  middle  point  of  the  string  instead  of  at  the  end.  The  results 
would  always  be  the  same.    In  general  a  Fourier  series  is  made  up 
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of  both  sine  and  cosine  terms.  The  string  galvanometer  like  other 
electromagnetic  devices  can  have  no  even  harmonics  developed,  on 
account  of  the  manner  of  application  of  the  force.  This  is  so  well 
and  generally  understood  that  further  discussion  of  it  seems  super- 
fluous. For  the  sake  of  simplicity  in  the  form  of  the  equations  it 
has  been  assumed  that  the  impressed  force  contains  no  even  har- 
monics as  would  likely  be  the  case  if  it  is  produced  by  electro- 
magnetic devices.  Since  the  origin  of  time  may  be  taken  anywhere 
we  are  at  liberty  to  represent  the  force  by  either  sine  or  cosine  terms 
at  will. 

The  solution  of  (7)  assumes  three  distinct  forms  according  to 
the  relative  values  of  the  restoring  and  damping  forces.  Regarding 
the  restoring  force  as  constant,  the  damping  may  be, 

(a)  insufhcient  to  prevent  oscillations, 

(b)  just  sufiicient  to  prevent  oscillations, 

(c)  more  than  sufhcient  to  prevent  oscillations. 
For  condition  (a),  the  solution  is,   (Appendix  d), 
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The  first  term  of  this  solution,  the  complementary  function,  defines 
a  transient  motion  dependent  upon  the  properties  of  the  moving 
system  solely.  The  second  term,  or  particular  integral  defines  the 
forced  motion  which  the  system  will  be  constrained  to  execute  when 
the  particular  force  represented  by  the  second  member  of  (7)  acts, 
and  after  enough  time  has  elapsed  to  permit  the  transient  motion  to 
decay  to  an  insignificant  amount.  For  a  short  time  after  the  periodic 
force  begins  to  act  the  motion  will  be  defined  by  both  terms  of  the 
solution.     The  forced  motion  depends  upon  the  nature  of  the  im- 
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pressed  force  and  also  upon  the  character  of  the  moving  system. 
The  assumption  of  a  periodic  impressed  force  is  perfectly  general 
provided  we  consider  that  the  period  may  be  infinite,  that  is  the 
force  may  be  due  to  a  steady  continuous  current,  or  the  force  may 
be  zero,  which  does  not  necessarily  imply  that  nothing  will  happen, 
but  rather  that  a  force  is  removed  entirely  while  the  string  is  in 
some  deflected  position.  The  solution  for  the  latter  condition  is 
simply  the  complementary  function  and  in  the  case  of  less  than 
critical  damping,  this  term  contains  trigonometric  functions  which 

indicate    that   the   deflection   subsides   in   a   series   of   oscillations. 

-tL 
e  2m  is  a  factor  of  the  entire  complementary  function  and  expresses 

the  law  of  decay  of  the  motion.  'I'he  letter  e,  is  the  base  of  the 
natural  system  of  logarithms  and  the  negative  sign  shows  the  ex- 
pression to  be  a  fraction  which  diminishes  without  limit  as  time 
elapses. 

The  period  of  the  natural  vibrations  of  the  string  under  damping  k, 

27r 


is  for  the  partial  of    order   s,     ^  / -^ V-a^      ^2   ^      j|^^^  fundamental 


damped    period  is   r/,  =    i/'^"^^"       ^"     derived  from  the  above  by 

^    r-     4^2 

putting  s  =  \. 

It  is  evident  that  one  of  the  effects  of  damping  is  to  increase  the 
period.  Since  the  damping  of  the  fundamental  in  the  string  galva- 
nometer is  always  large,  this  effect  will  be  marked.  Since  5- is  a  factor 
of  the  restoring  force  term  and  not  of  the  damping  term,  the  former 
increases  with  the  order  of  the  partial  while  the  latter  does  not.  As 
a  result  the  partials  will  not  be  exact  multiples  of  the  fundamental 
and  so,  strictly  speaking,  not  harmonics.  We  shall  refer  to  them 
throughout  as  "partials"  as  this  will  fend  to  prevent  confusion  of 
them  with  the  harmonics  of  an  impressed  force. 

The    period    without    damping    for    the    partial    of    order    5.    is 

To  2lT  21 

=  —  and    the  fundamental    period  without    dami)ing 


is,   ro=  — ,   or,   putting  for  </,   its  value    i/  —  ^   tq^II  A      .j.  which 
is  the  equation  from  which  equation  (5)  was  derived. 
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The  term,  tan"' /,  ,  ,       ,.   in  the  complementary  function, 

2m 


is  known  as  the  phase  angle  term.  Its  presence  shows  that  the  motion 
of  the  string  when  executing  natural  vibrations  lags  behind  the  forces 
due  to  tension  and  inertia  which  produce  the  motion.  In  this  term 
also  5  is  a  factor  of  the  restoring  force  and  not  of  the  damping  force 
so  that  the  various  partial  modes  of  vibration  will  not  remain  in 
phase  with  each  other  as  the  motion  dies  away.  There  is  also  a  phase 
angle  term  in  the  particular  integral  which  is  of  more  practical  im- 
portance in  that  it  gives  a  measure  of  the  amount  by  which  the 
motion  of  the  siring  will  lag  behind  the  impressed  forces  when  it  is 
performing  forced  vibrations.  The  expression  for  the  tangent  of 
this  angle  shows  that  the  amount  of  lag  will  be  different  for  each 
different  order  of  harmonics  in  the  impressed  force.  IMany  writers 
on  the  theory  of  recording  instruments  have  pointed  out  the  signifi- 
cance of  this  term,  which  is  common  to  the  equations  of  motion  of 
all  such  instruments,  as  showing  that  the  record  can  never  be  a 
faithfuj  graph  of  the  impressed  forces.  Just  how  serious  a  matter 
this  really  is  can  be  better  understood  by  making  some  numerical 
computations,  but  as  the  string  galvanometer  is  best  used  for  m^easure- 
ments  of  precision  under  condition  (b),  or  critical  damping,  this  dis- 
cussion will  be  deferred  until  the  solution  of  the  differential  equation 
for  that  condition  has  been  developed. 

The  nature  of  the  transient  motion  detmed  by  the  complemxentary 
function  depends  on  the  shape  which  the  string  assumes  when  de- 
flected by  the  electromagnetic  forces.  We  have  shown  in  the  first 
section  that  in  an  uniform  field  this  form  will  be  a  circular  arc. 
The  factor  of  the  solution  which  takes  account  of  the  form  of  the 

string    is,    f  sin  ^  /  /  (X)  sin  ^'  d\,    which    for    brevity    we    may 

designate,  F{x).  F{x)  is  the  general  expression  for  a  Fourier  series, 
(containing  in  this  case  sine  terms  only  as  before  explained),  and  the 
definite  integral  when  the  proper  function  is  substituted  for  y(X) 
and  the  integration  performed,  gives  the  form  of  the  coeflicients 
of  the  series,  which  can  then  be  immediately  written  down,  giving 
s  all  odd  integral  values. ^  Jn  the  definite  integral  which  occurs 
in  F{x),  X  is  written  instead  of  x  in  order  to  emphasize  the  fact  that 

1  Probably  ihe  best  elementary  discussion  of  the  development  and  use  of  Fourier  series  is 
to  be  found  in  Byerly's  Elementary  Treastise  on  Fourier's  Series,  etc.  Ginn  and  Co.  Boston, 
1893. 
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it  is  a  function  of  the  limits  of  integration  and  thus  prevent  confusion 
with  X  used  elsewhere  as  an  independent  variable. 

If  the  field  distribution  is  not  such  as  to  make  the  shape  of  the 
string  a  circular  arc  the  equation  will  still  give  the  solution  provided 
the  equation  of  the  string  can  be  expressed  in  some  reco-nized 
analytical  form  and  provided  the  integration  can  be  perfomed 
W  e  shall  have  occasion  to  consider  solutions  for  shapes  other  than 
the  circular  arc. 

Although  this  solution  in  the  form  of  a  double  infinity  of  equations 
might  seem  to  be  an  academic  performance  impossible  of  applica- 
tion to  particular  problems,  such  is  by  no  means  the  case. 

It  is  already  evident  that  much  information  of  a  general  nature 
can  be  obtained  from  consideration  of  the  form  of  these  solutions, 
but  on  account  of  the  usually  rapid  convergence  of  the  series  which 
arise  from  them,  a  relatively  small  number  of  terms  mav  aft'ord 
an  entirely  satisfactory  approximation  to  the  solution  of  a  numerical 
problem. 

By  far  the  most  important  mode  of  vibration  of  the  string  is  the 
fundamental  and  for  this  mode  the  solution  can  be  reduced  to  a 
very  simple  form  in  which  the  quantities  involved  are  all  of  such  a 
nature  as  readily  to  be  determinable.  Remembering  that  for  the 
fundamental  mode,  5  =  1,  we  can  readily  derive  from  the  expressions 
already  given  for  ro  and  r/,  (Appendix  e), 

k  /I        l~  ki 

o      ~^^A/~o 7       so  that  e-2>n  =  e-2^'\ 

Also, 


/  i_J_ 


In  the  cosine  term, 


In  the  phase  angle  term, 


V    To'      r,=       Itt       y   To- 
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On  substituting  these  v^alucs,  the  complementary  function  becomes 

(5  =  1) 

2  /I — r  r-Tk       /lirt 

U  = g-^'^'V    To2     rfc2       — COS  I 

/  Lto  V    Tt 

-lan-1  4/^--n  siny  y  /(\)  sin  ^^1      (9) 

0 

In  nearly  all  of  the  applications  of  the  string  galvanometer,  it  is 
desirable  that  natural  vibrations  of  the  string  shall  not  appear  to 
complicate  the  record.  Condition  (b),  critical  damping,  or  as  it  is 
often  called,  the  "just  aperiodic  condition,"  is  the  condition  of 
choice.  The  string  galvanometer  lends  itself  nicely  to  use  in  this 
condition  as  it  can  be  readily  brought  to  exact  aperiodicity  by 
adjustment  of  the  tension.  Ordinary  moving  coil  and  moving 
magnet  galvanometers  are  usually  referred  to  as  "critically  damped" 
when  the  damping  is  such  that  the  motion  is  slightly  oscillatory. 
Because  of  this  common  usage  of  the  term  I  wish  particularly  to 
emphasize  that  whenever  the  term  "critical  damping"  is  used  in 
this  paper  it  implies  a  very  precise  adjustment  and  that  no  oscilla- 
tions occur.  The  user  of  the  string  galvanometer  can  determine 
the  adjustment  which  gives  exactly  critical  damping  with  the  great- 
est nicety  either  by  stroboscopic  means-  or  by  making  several 
photographic  records.  Since  the  determination  of  the  important 
constant,  ro,  depends  on  the  precision  of  th"s  adjustment,  it  is 
desirable  that  the  matter  be  entirely  clear. 

The  criterion  for  critical  damping  is  that  the  cosine  term  of  the 

complementary  function  of  (8)  shall  just  vanish.     We  readily  see 

k       Siva 
that  this  will  occur  when = •    This  is  the  criterion  for  critical 

2  ;;;        / 

damping  of  the  sth.  partial  of  the  string's  motion.  Although  it  is 
critical  damping  of  the  fundamental  mode  in  which  we  are  mainly 
interested,  still  for  the  sake  of  generality  we  may  retain  5  until 
the  solution  is  complete  and  then  obtain  the  equation  for  the  criti- 
cally damped  fundamental  by   merely   putting  5   equal    to   unity. 

k       Siva 
When— —  =  —  ,  the  auxiliarv  equation,  (Appendix  f).  has  two  iden- 
2ml  " 

2  See  .\.  Forbes  and  D.  \V.  Mann.    This  Journal  \'ol.  8,  p.  807. 
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and  we  have  as  the   complementary 


function, 


(   2  s  =  »        57r.r    r  s-kK 


2/3/  ;^ 


57rX 
/"(X)  sin (/X 


Kio)  HI 


This  solution  satisfies  the  differential  equation,  is  zero  when  x  is 

zero  and  when  x  equals  /.  Differentiating  it  with  respect  to  t,  we 
find, 

du              i  2  s  =  K       sttX    r  -^ttX          2l3ts^x.       STTX    f                vttX 

/"(X)sin a'X 

/     /  /               /     ^—1          I     I 
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dt 


=''^"'  7  !:---/«'' ^'"--'''-7- 


2/3 

< 


0 


I 


S7t\ 
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When  t  =  0  the  first  and  third  terms  of  the  derivative  cancel  each 
other  and  the  second  is  zero,  so  that  the  derivative  vanishes  as  it 
should,  since  the  first  der'vative  represents  the  velocity  of  the  string 
string  and  at  the  instant  that  it  is  let  go  from  a  position  of  equi- 
librium it  has  no  velocity.  All  of  the  boundary  conditions  are  there- 
fore satisfied. 

To  (10)  must  be  added  the  particular  integral  which  defines  the 
forced  motion  due  to  a  periodic  impressed  force  under  the  condition 

of  critical  damping.     This  may  be  derived  from  the  particular  in- 

k       Sir  a  2  Sir  am 

tegral  in  (8)  by  putting = ,  from  which  we  have,  k^ — - — • 

2ml  f 

Substituting  this  value  of  k  and  reducing,  (Appendix,  g),  we  have 
as  the  particular  integral  for  critical  damping  of  the  sth.  partial 
mode  of  the  string's  motion, 

u  =  Y  Y — cos/  no: t- tan-'  (    ^Vo^  \    I  sin-- 

;fri  ,4l  5'7r2r+ww2^2/2     i  a — __„,2^2ii        /   (n) 

If  k  and  m  were  both  zero,  the  amplitude  factor  in  (1 1)  would  reduce 

to, 

in  J'' 


(12) 


,-v2r 


•  See  Appendix  A,  Part  2 
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The  phase  angle  would  be  zero  and  the  forced  vibrations  would  be 
directly  proportional  to  the  impressed  force  and  inversely  propor- 
tional to  the  tension  on  the  string.  These  are  the  properties  of  a 
perfect  instrument  and  while  they  cannot  be  realized,  their  mathe- 
matical formulation  is  of  interest  in  that  it  enables  us  to  determine 
the  extent  of  the  distortion  of  the  amplitudes  which  inertia  and 
damping  introduce  in  an  actual  instrument.  The  occurrence  of  the 
quantity  s^  in  (12)  requires  comment.  In  connection  with  a  real 
string  it  would  indicate  that  the  factor  in  which  it  occurs  expresses 
the  amplitude  of  the  sth.  partial.  For  a  massless  string  this  has  no 
meaning,  but  we  can  assign  it  a  meaning  by  allowing  it  to  represent 

the  amplitude  of  a  massless  string  under  tension  T  and  of  length,-, 

equal  to  the  distance  between  the  nodes  of  the  sth.  partial  of  a 
string  of  mass,  m,  and  length,  /,  under  tension,  T.  If  U,  represent 
the  amplitude  of  the  motion  of  the  massless  string  and  f/,,  that  of 
the  one  of  mass,  m,  with  damping,  k,  we  may  determine  the  ratio 
of  these  amplitudes  in  order  to  obtain  a  measure  of  the  amplitude 
distortion  for  any  impressed  frequency. 

Us  Ulnl-  S'-TT^T  1 

1};"  s^^^~T+mnW-P^lll7p^       n'o:H'  ,  remembering  that  T/m=a': 


1 


S'TT-a- 


Putting  w  =  27r/,  where/  is  the  fundamental  frequencv  of  the  im- 

pressed  force,  and  bearing  in  mind  that  ~  =  - —  , 

a-      4 

Us  1  1 


U.           At^iTW          PnW  (1-^^) 

-      1+. 1+ 

Equation  (13)  holds  for  the  sth.  partial  provided  this  is  critically 
damped.  Critical  damping  of  a  partial  is  not  a  matter  of  practical 
interest,  but  by  putting  5  =  1,  we  have  the  ratio,  for  any  impressed 
frequency,  of  the  maximum  amplitude  of  a  perfect  instrument  to 
that  of  an  actual  instrument  with  critical  damping  of  the  funda- 
mental, which  is  of  major  importance.  The  accompanying  curve, 
Fig.  3,  is  a  plot  of  this  equation  made  from  a  large  number  of  cal- 
culated values.  The  equation  represents  a  family  of  such  curves 
all  of  the  same  shape,  that  for  s  =  1  being  the  only  one  of  importance. 
This  curve  shows  in  striking  manner  the  effect  on  the  record  of  a 
critically  damped  galvanometer  of  varying  the  period  of  the  im- 
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pressed  force  for  any  given  value  of  tq.  If  the  free  period  of  the  string 
without  damping,  to,  is  one  tenth  the  period  of  the  impressed  force 
the  amplitudes  in  the  registered  curve  will  be  correct  to  99  per  cent 
of  the  theoretical  value.  If  the  impressed  force  contains  com- 
ponents of  period  double  the  free  period  of  the  string,  these  com- 
ponents will  be  registered  with  an  amplitude  80  per  cent  of  their 
actual  value.  If  the  period  of  any  component  agrees  with  the  free 
period  of  the  string  so  that  in  the  absence  of  heavy  damping  we 
should  have  resonance,  under  the  condition  of  critical  damping  that 
component  will  be  registered  with  an  amplitude  50  per  cent  of  its 
correct  value  relative  to  slower  frequencies.    This  curve  enables  the 


Fig.  3. 

user  of  the  galvanometer  to  decide  at  once  what  free  period  his 
string  must  have  to  register  to  any  specified  degree  of  accuracy  any 
assigned  frequency.  If  a  curve  has  been  registered,  say  for  determina- 
tion of  wave  form,  and  an  harmonic  ana^lysis  performed,  a  knowledge 
of  the  free  period  of  the  string  will  enable  the  user  to  decide  whether 
any  of  the  components  of  the  wave  require  correction  and  if  so  how 
much  the  correction  must  be.  The  effect  of  the  under-damped 
partials  when  the  fundamental  is  critically  damped  will  be  discussed 
in  a  separate  section  devoted  to  general  consideration  of  the 
partials. 

For  the  condition  of  critical  damping  the  phase  angle  term 
of  the  particular  integral  can  also  be  reduced  to  a  form  which 
facilitates  numerical   computation  as  follows:     The  phase  angle  is 
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€,  =  tan~^ ' ■ If   the  damping  of  the  sth.  partial  is 


critical,  ^  =  -^.     The  undamped  free  period  of  the  sth.  partia'  we 

To                sira     2t          s-TT-a-    Air^         Imsira      -innr 
may  designate  Ts  = — .    Then  — = — and — — = — -    k= — = 

and  w  =  2x/  where/  is  the  fundamental  frequency  of  the  impressed 
force.    Then, 

8mTr"fn 

Ts  ?>'K'fn  IfflTs 

e.=  tan~^ • ■ ■ —  =  — — ■ — " 

'47r2  \      47r2  1-Pn^Ts^ 


{~r*^'-f'-"') 


Ts 


which  is  the  expression  for  the  tangent  of  the  phase  angle  when  the 
sth.  partial  critically  damped.  Critical  damping  of  the  partials  is  a 
matter  of  little  practical  interest,  but  putting  s  =  l,  we  have  im- 
mediately the  value  for  the  tangent  of  the  phase  angle  for  critical 
damping  of  the  fundamental, 

2/";/To 
tane  =  — (14) 

\-r-nw 

From  (14)  we  can  compute  the  amount  of  phase  displacement  which 
any  component  of  the  impressed  force  will  suffer  for  any  value  of 
the  fundamental  free  period,  to-  It  will  be  instructive  to  make  this 
computation  for  a  few  values  of  «  at  two  assumed  values  of  tq. 
To  obtain  the  amount  of  displacement  in  millimeters  on  the  pho- 
tographic record  we  proceed  as  follows:  divide  the  number  of  degrees 
in  the  phase  angle  by  180  and  take  this  fraction  of  the  distance 
which  the  photographic  surface  travels  in  a  time  equal  to  a  half 
cycle  of  the  period  in  question.  For  the  fundamental  this  will  be 
the  distance  traveled  in  half  the  fundamental  period,  for  the  third 
harmonic  the  distance  traveled  in  half  the  period  of  the  third 
harmonic,  etc. 

We  may  consider  first  a  galvanometer  of  natural  period  ro  =  .001 
second.  This  is  about  the  upper  limit  of  the  period  for  the  large 
instruments  using  strings  13.5  cm  in  length.  Assuming  for  the  fun- 
damental impressed  period  100  cycles  a  second  .and  a  speed  of  the 
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photographic  record  of  five  meters  a  second,  giving  25  millimeters 
for  a  half  cycle  of  the  fundamental,  we  have  the  following, 


Frequency 

Phase  angle 

Displacement 

100 
300 
500 

11.5  degrees 
33 . 5  degrees 
53 . 1  degrees 

1 . 6    mm 
1.55  mm 
1.48  mm 

Displacement  of  the  entire  record  by  a  constant  amount  would  be 
without  distorting  effect,  it  is  relative  displacement  which  concerns 
us.  The  relative  displacement  for  the  third  harmonic  would  be  il- 
legible on  any  photographic  record.  The  fifth  harmonic  would  be 
but  slightly  more  displaced,  and  reference  to  figure  three  shows  that 
when  as  here  the  period  of  any  component  of  the  impressed  force 
is  double  the  natural  period  of  the  string,  the  amplitude  of  that  com- 
ponent is  subject  to  an  amplitude  distortion  of  20  per  cent.  If  one 
is  obliged  by  circumstances  to  use  a  galvanometer  under  such  con- 
ditions as  the  last  mentioned,  it  is  possible  to  apply  corrections  to 
both  amplitude  and  phase  provided  an  harmonic  analysis  of  the 
record  is  made.  It  is  evident  however,  that  the  amplitude  distortion 
is  much  more  serious  than  the  phase  displacement  which  for  the 
conditions  assumed  is  negligible. 

Let  us  now  assume  for  the  galvanometer  a  period  of  .0001  second 
and  a  speed  of  ten  meters  per  second  for  the  travel  of  the  record, 
giving  50  mm  for  a  half  cycle  of  the  fundamental,  assumed  as  be- 
fore to  be  100  cycles  per  second.  Such  short  periods  have  not  been 
obtainable  with  string  galvanometers  heretofore,  but  the  writer  has 
recently  constructed  an  instrument  which  attains  this  period. 


Frequency  of 
impressed  force 

Phase  angle 

Displacement 

100 

1.166  degrees 

.323  mm 

300 

3 . 5      degrees 

.323  mm 

500 

5 .  13    degrees 

.318  mm 

700 

8 . 0      degrees 

.318  mm 

900 

10 .  33    degrees 

.318  mm 

The  relative  phase  displacement  is  seen  to  be  entirely  negligible 
as  far  as  the  ninth  harmonic  and  reference  to  Fig.  3  will  show  that 
the  amplitude  distortion  of  the  ninth  harmonic  is  less  than  one  per 
cent.  The  fact  that  the  phase  angle  increases  rapidly  with  increasing 
order  of  the  harmonics  has  often  been  pointed  out  in  connection 
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with  recording  instruments,  but  writers,  themselves,  no  doubt 
cognizant  of  it,  have  not  always  been  explicit  in  calling  attention 
to  the  fact  that  this  increased  angle  relates  to  a  distance  on  the 
photographic  record  which  becomes  shorter  with  increasing  order 
of  the  harmonics  and  that  this  in  great  measure  offsets  the  rapid 
increase  in  the  angle.  If  the  period  of  the  galvanometer  is  so  high 
relative  to  the  period  of  the  impressed  forces  that  no  correction  of 
the  amplitude  is  necessary,  it  will  seldom  be  necessary  to  consider 
phase  displacement. 

In  any  event  if  the  constants  of  the  galvanometer  have  been 
determined,  the  equations  here  given  may  always  be  used  to  correct 
both  phase  and  amplitude  distortion. 

Equation  (10)  may  be  put  in  more  convenient  shape  for  practical 
application  by  making  substitutions  similar  to  those  w^hich  were 
used  in  the  derivation  of  equation  (9).  Putting  s  =  1,  since  our  main 
interest  in  making  this  reduction  lies  in  the  fundamental  mode,  and 

2    ;^      ,  STTX    r^  sttX 

writing  for  brevitv,  F(x)    = —  /_^     sin /  f(K)  sin d\  , 

I     s  =  l  I   Jo  ,         I 

we  may  write  equation  (10), 

ti=e&'(F(x)-l3tF{x))=F{x)ee'il-^t) 

F{x)  being  the  function  which  defines  the  shape  of  the  string  when 

k 
deflected  by  a  steadv  continuous  current.     /3  =  —7. —  and  since  the 

k        ira 

condition  of  critical  damping  of  the  fundamental  is  imposed, =  — 

2  m      I 
2/       Tia     lir       k                               Itt 
and  since   ro  =  — ,    —  =  —  = so  that   |3= and  substituting 

a         I      To      2m  To 

this  value  of  (3  we  have, 

«=F(.r)e-x.n+ \  (15) 

Equation  (15)  is  of  great  practical  utility.  From  it  we  may  not  only 
determine  the  time  required  for  a  critically  damped  galvanometer 
to  complete  any  assigned  fraction  of  its  steady  deflection,  but  it 
also  suggests  a  ready  method  of  determining  the  important  con- 
stant. To. 

If  we  deflect  the  galvanometer  with  steady  current  and  then  sud- 
denly remove  the  emf  and  ?Jlow^  the  string  to  return  to  zero,  record- 
ing its  motion  photographically  with  a  simultaneous  record  of  the 
time,  we  can  measure  from  the  record  corresponding  values  of  elapsed 
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time,  t,  and  deflection,  ti,  reckoning  /  =  0  from  the  point  where  the 
shadow  first  begins  to  move.  The  optical  system  of  the  galvanometer 
will  not  be  discussed  in  this  part  of  the  paper,  but  it  may  be  stated 
that  satisfactory  photographic  records  can  be  secured  on  film 
running  at  the  rate  of  from  five  to  ten  meters  a  second.  At  these 
speeds  accuracy  of  time  measurement  sufficient  for  determination 
of  TO  can  be  attained.  F{x)  in  equation  (15)  we  may  replace  by  U , 
the  maximum  deflection  of  the  middle  point,  for  we  are  now  in- 
terested in  the  fundamental  mode  only  and,  as  will  appear  after 
the  partial  modes  of  the  string's  motion  have  been  discussed,  the 
partials  will  not  aft'ect  the  present  measurement  in  any  material 

way  if  the  point  chosen  to  measure  t  and  u  is  the  point,  t  =  — .    For 

this  purpose  we  may  then  write  equation  (15), 

u=Ue-rAu \  (15a) 

If  it  were  possible  to  determine  the  free  period  accurately  by  some 
independent  means,  we  might  from  a  comparison  of  this  with  the 
period  determined  as  above  suggested  not  only  secure  a  check  on 
the  accuracy  of  the  method,  but  also  shed  light  on  the  question 
of  the  correspondence  between  the  assumptions  made  in  setting  up 
the  equation  of  motion  and  the  behavior  of  the  actual  galvanometer. 
In  all  application  of  mathematical  analysis  to  material  phenomena 
it  is  necessary  to  make  simplifying  assumptions.  We  have  in  this 
instance  assumed  that  the  motion  of  the  string  may  be  looked  upon 
as  similar  to  an  infinitesimal  motion,  that  the  damping  is  simply 
proportional  to  the  first  power  of  the  velocity  of  the  motion,  that 
the  string  is  perfectly  flexible,  etc.  If  any  of  these  assumptions  is 
far  from  the  facts,  the  results  of  the  analysis  will  be  correspondingly 
affected.  It  is  fortunately  possible  to  check  the  validity  of  equa- 
tion (15a).  A  description  of  the  actual  experiment  will  best  illustrate 
the  method.  A  wire  of  the  alloy  known  as  "duraluminum"  was 
stretched  in  the  galvanometer  under  such  tension  that  its  oscilla- 
tions with  air  damping  alone  were  subject  to  so  little  decrement 
as  to  make  correction  of  the  period  for  damping  unnecessary.  The 
period  was  determined  from  a  photographic  record  of  the  oscilla- 
tions. The  time  of  22  oscillations  was  measured  and  the  time  of  a 
single  oscillation  determined  from  this  was  .00336  second.^  The  w;re 

^  The  last  decimal  place  may  be  in  error  ±  2  units. 


148  Horatio  B.  Williams  [J.O.S.A.  &  R.S.I.,  9 

was  then  shunted  and  a  series  of  records  made  until  the  value  of 
the  shunt  which  would  make  the  electromagnetic  damping  just 
sufficient  to  prevent  oscillations  was  determined.  A  record  of  a 
critically  damped  deflection  was  then  made  on  film  running  at  five 
meters  a  second  and  the  period  determined  by  the  following  pro- 

Tq 

cedure.    In  (15a)  assume  /= — .    The  equation  becomes, 

2t/         27r\ 
u=Ue-^  I  1+ j  =  .1237L'(l  +  2.093)  =  .38^ 

In  the  record  of  movement  of  the  shadow  of  the  wire,  U  was  25  mm 
and  .38X25=9.5  mm.     This  means  that  the  deflect  on  will  have 

To  To 

decayed  from  25  mm  to  9.5  mm  in  a  time  equal  to  -—.    To  get  — , 

we  have  only  to  measure  elapsed  time  from  the  beginning  of  the 
motion  to  the  point  where  the  deflection  is  9.5  mm  and  this  was 
found  to  be  .0011  second.  Multiplying  this  by  three  we  have  as 
the  value  of  to  .0033,^  which  is  in  good  agreement  with  that  de- 
termined directly.  In  carrying  out  this  experiment  the  latter  de- 
termination was  made  before  the  record  of  the  free  vibrations  was 
measured  in  order  to  avoid  prejudice.  In  addition  to  serving  as  a 
check  on  the  validity  of  the  assumptions  which  form  the  basis  of  the 
analysis,  this  method  has  a  further  and  eminently  practical  aspect. 
The  fine  quartz  fibers  which  are  usually  employed  as  strings  have  so 
little  inertia  that  when  they  are  stretched  under  as  great  a  tension 
as  regard  for  their  continued  serviceability  warrants,  the  air  damping 
alone  is  sufficient  to  prevent  more  than  one  or  two  highly  damped 
oscillations  and  with  the  finest  strings  a  half  oscillation  is  about  all 
that  can  be  obtained.  Under  these  circumstances  it  is  manifestly 
impossible  to  make  an  accurate  determination  of  the  free  period  by 
determination  of  the  damped  period  and  applying  the  correction 
for  damping.  The  dift'erence  between  the  amount  measured  and  the 
limit  of  accuracy  of  measurement  is  too  slight.  If  then  we  wish  to 
be  able  to  determine  the  accuracy  with  which  the  galvanometer 
will  record  periodic  motions  of  any  frequency  or  to  be  in  position 
to  apply  corrections  to  registered  curves,  we  must  measure  tq  by 
the  method  indicated  above.    Having  determined  the  value  of  tq, 

*  But  one  experiment  was  performed.  The  very  close  correspondence  of  the  results  is 
probably  in  part  accidental,  but  making  due  allowance  for  this,  the  result  indicates  the  pos- 
sibility of  satisfactory  accuracy  in  determining  ro  from  a  critically  damped  deflection. 
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and  the  strength  of  the  effective  magnetic  field  we  are  in  possession 
of  numerical  values  of  all  of  the  quantities  in  eciuation  (6).  The  pos- 
sible advantage  of  having  these  values  will  become  apparent 
presently. 

We  shall  next  discuss  condition  (c),  damping  more  than  critical. 
The  auxiliary  equation  now  has  two  real  roots, 

iSi  = +  \/ 

2m       y    Am"-        l^ 


k  /  k^      sVa^ 

/3o= A/ 

2m       y    4m:'        P 

Writing /?!,  182  instead  of  the  longer  equivalent  expressions,  the  solu- 
tion of  (7)  for  condition  (c)  is, 

2     1=^'°           STX     r                 Sir\       i         /     /3-     \             /     /3i     M  ^m. 

w  =—   V     sin /  f(\)  sin d\{  6^4 )  -  eP4 |   •  (16)  # 

(I 
(See  appendix,  h). 

This  solution  satisfies  all  of  the  boundary  conditions.  It  is  zero 
when  X  is  zero  and  when  x  equals  /  and  it  is  equal  to  F(-^")  ^vhen  /  =  0. 
Its  first  derivative  with  respect  to  t  vanishes  when  /  is  zero  and  on 
differentiating  it  and  substituting  in  the  differential  equation,  it  is 
found  to  satisfy  it.  To  (16)  must  be  added  the  same  particular  in- 
tegral which  occurs  in  solution  (8)  for  the  condition  (a)  if  it  is 
desired  to  express  the  response  to  a  periodic  impressed  force.  No 
convenient  analytical  expression  can  be  given  for  determination  of 
the  ratio  of  the  actual  to  the  theoretical  deflection  for  a  given  im- 
pressed force  when  the  galvanometer  is  overdamped.  It  has  been 
shown  how  all  of  the  quantities  in  the  expressions  for  jSi  and  ^2  may 
be  determined.  If  their  numerical  values  be  substituted  in  the 
amplitude  term  of  the  particular  integral  the  ratio  of  this  to  the 
amplitude  term  for  the  same  tension,  but  without  mass  and  damping 
can  be  readily  calculated. 

If  the  string  of  the  galvanometer  be  sufficiently  slackened,  a 
tension  will  at  last  be  reached  so  small  that  the  increase  in  tension 
due  to  deflection  can  no  longer  be  neglected.  When  this  condition 
is  reached  it  will  be  recognized  by  the  fact  that  the  deflections, 
hitherto  proportional  to  the  strength  of  current  over  a  considerable 
range  now  lose  their  proportionality  except  for  a  very  small  range. 
It  will  also  be  noticed  that  as  this  condition  is  approached  a  small 

#  See  Appendix  A.  Part  2 


150  Horatio  B.  Williams  [J.O.S.A.  &  R.S.I.,  9 

change  in  the  position  of  the  micrometer  screw  produces  a  relatively 
large  change  in  the  sensitivity  of  the  instrument.  If  the  tension  be 
still  further  decreased,  the  deflections  again  become  porportional 
to  the  strength  of  current,  the  galvanometer  becomes  very  sensitive 
to  small  currents  and  its  deflections  very  slow  compared  with  their 
period  under  greater  tension.  The  restoring  force  is  now  due  to 
the  action  of  gravity,  modified  slightly  by  the  stiffness  of  the  string 
which  can  no  longer  be  neglected.  The  constancy  of  zero  and  the 
strictness  of  proportionality  of  deflections  to  the  strength  of  current 
in  this  condition  are  remarkable  and  were  pointed  out  by  Ein- 
thoven  (3)  p.  317.  The  preceding  analysis  does  not  apply  in  any 
manner  whatever  to  this  condition.  It  will  be  evident  that, 
neglecting  the  effect  of  stiffness  of  the  string,  its  form  when  un- 
defiected  will  be  a  catenary  and  the  tension  will  vary  according  to 
the  well  known  law  of  the  catenary,  being  greatest  at  the  upper  end 
and  least  at  the  bottom.  This  suggests  a  novel  construction  for  a 
string  galvanometer  intended  to  be  used  only  with  the  string  in  this 
slackened  condition  for  measurements  of  the  smallest  currents 
capable  of  producing  measurable  deflections.  The  microscopes 
should  be  placed  under  the  pole-pieces  and  if  it  were  not  for  the 
stiffness  of  the  string  they  should  be  as  near  the  lower  end  as 
possible,  but  as  the  stiffness  is  certain  to  aft'ect  the  motion  in  this 
condition  of  the  instrument,  the  position  of  choice  will  be  somewhat 
above  the  lower  end.  An  analysis  making  allowance  for  the  stiff'ness 
of  the  string  and  other  peculiar  features  of  this  condition  would  ap- 
pear to  oft'er  considerable  difficulties  and  it  may  be  easier  to  investi- 
gate the  matter  experimentally.  I  hope  to  have  an  opportunity 
to  do  this  soon,  perhaps  before  this  series  of  papers  is  completed. 
Einthoven  was  able  to  attain  a  sensitivity  of  10*^'  ampere  per  mm 
with  his  galvanometer  and  the  writer  has  duplicated  this  with  a 
copy  of  Professor  Einthoven's  instrument  in  the  Physiological 
Laboratory  at  Columbia  University.  If  the  modification  above 
suggested  should  make  possible  an  increase  of  this  sensitivity  by 
one  or  more  powers  of  ten  as  seems  not  beyond  possibility,  the  in- 
strument might  become  available  for  work  which  has  hitherto  re- 
quired a  sensitive  moving  magnet  type  or  an  electrometer  method. 

3.    THE  PARTIAL  VIBRATIONS  OF  THE  STRING 

We  now  proceed  to  invest'gate  the  efl'ect  on  the  partial  modes 
of  the  string's  motion  of  the  particular  form  assumed  by  the  string 
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when  deflected  by  steady  continuous  current,  this  form  depending 
upon  the  distribution  of  the  fixed  magnetic  field.  We  shall  consider 
first  the  circular  arc  which  would  be  the  form  if  the  field  w^ere  actually 
uniform  throughout.  The  equations  for  this  distribution  of  the  field 
have  already  been  derived  by  Crehore  (loc.  cit.),  but  we  shall  derive 
them  more  readily  by  substituting  the  equation  of  the  circular  arc 
in  the  expression  for  /(X)  in  the  solution  of  the  partial  differential 
equation.  The  equation  of  the  circular  arc  itself  presents  some 
analytica'  difiiculties  and  we  shall  follow  Crehore's  procedure  in 
substituting  the  equation  of  a  simpler  conic  which  closely  approxi- 
mates the  shape  of  the  circular  arc.  We  shall  adopt  a  slightly 
dift'erent  procedure  in  this  development  from  that  employed  by 
Crehore  as  being  perhaps  more  easily  followed  by  the  casual  reader. 
In  Fig.  4,  OL  is  the  string  of  length,  /,  and  the  origin  of  coordinates 


Fig.  4. 


is  taken  at  the  end  0.  U  is  the  steady  deflection  of  the  middle  point 
when  the  string  is  in  equilibrium  with  steady  current  flowing. 
u  is  the  ordinate  of  any  point,  x.   The  equation  of  the  circular  arc  is, 


(-i-..)V(. 


+vy=n={u+vy- 


or. 


/2 

1  x-^  x'-  +  2iiV +n'-+V-=  l'-^-2UV  +V 

4 


t/  is  a  small  quantity  and  u  is  either  equal  to  U  or  a  still  smaller 
quantity.  (See  appendix  c).  Also  r  and  1'  differ  from  each  other  by 
the  small  quantity  U,  in  comparison  with  which  they  are  both  large. 
For  the  purpose  of  deriving  the  equation  of  a  curve  which  shall 
sensibly  coinc  de  with  the  circular  arc  and  still  be  of  such  form  as 
to  be  easily  handled,  we  may  consider  r  and  V  as  equal  to  each  other 
and  drop  «-  and  U-  as  small  quantities  of  the  second  order.     We 
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r- 

recall  that  we  have  derived  equation  (3),  r  =—-:,  and  this  we  now 

8  Li 

write  equal  to  V .    Then, 

r-  2  UP     r- 

lx-}-x--\-2tiV  = =  ■ — 

4  SU       4 

x-  —  lx=  —2uV  , 


or 


P 
or  since    1  = 


8^ 


1 

n= (/a— A-2)  (17) 

2V 


4U 

u  = {Ix-x^)  (18) 


Equation  (8)  may  be  looked  upon  as  a  symbolic  solution  of  the 
equation  of  motion.  It  applies  to  any  form  whatever  which  the 
deflected  string  may  take.  Considering  only  that  part  of  (8)  which 
has  to  do  with  the  shape  of  the  string,  namely  that  which  we  have 
previously  referred  to  as  F{x),  v/e  may  substitute  for/(X)  the  func- 
tion defined  by  (18),  writing  as  already  explained  X  instead  of  x 
to  indicate  that  it  is  a  function  of  the  limits  of  the  integration. 
We  shall  then  have  an  expression  which  we  may  integrate  to  get 
the  Fourier  series  which  defines  the  shape  of  the  string  (to  the  same 
order  of  approximation  that  (18)  corresponds  to  the  circular  arc) 
when  the  field  is  uniform.    We  have  then, 

2     ^^  STVX     riU  57rX 

/     x=i  I    J       r  I 

0 

or 

Fi.r)-=    22     sin • \l  /   Xsin d\-    /  X-sin d\    :>        (19) 

0  0 

Perform'ng  the  integrations  indicated  in  (19),  (See  appendix,  i), 
we  have, 

^,^    32  r        57r.V 

(sinTT.v      1        Sttx      1        5wx  \ 
\ sin 1 sin- h |         (-^1) 
/          3^          I        P      .   I  / 

a  rapidly  convergent  scries.     The  movement  of  the  string  can  be 
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observed  only  at  the  middle  point,  that  is  at  the  point  x  =  ~  and 

sin  -—  equals  (1  -  1  + 1  -  1  + 1  - )  for  all  odd  values  of  s  and 

zero  for  all  even  values. 

For  the  middle  point  of  the  string  we  have, 

f(— )  =  1.033 1/-.  0382  D'+.C082L'-.  003  r+ (22) 

This  series  converges  so  rapidly  that  unless  the  numerical  work  is 
carried  to  a  greater  number  of  decimal  places,  the  series  is  sensibly 
equal  to  U  after  four  terms.  It  is  seen  that  the  third  partial,  the 
first  which  can  occur,  is  nearly  four  per  cent  of  U. 

If  the  field  distribution  were  such  that  the  string  when  deflected 
by  steady  continuous  current  assumed  the  form, 

TT.T 

n  =  sin 

I 

TT.V  /  /  \ 

we   should   have,  Fiix)  =  U  sin and   F-A  ~~  )  =  U .      Under   this 

condition  the  motion  of  the  string  would  be  the  simplest  possible. 
No  partial  vibrations  would  occur;  all  points  of  the  string  would 
move  in  the  same  phase  and  the  string  would  remain  a  simple  curve 
of  sines  until  all  motion  ceased.  Crehore,  (loc.  cit.  p.  223),  discusses 
this  matter  and  suggests  that  the  ideal  construction  for  a  string 
galvanometer  would  be  that  in  which  the  pole  faces  are  so  shaped 
that  the  field  is  strongest  in  the  middle  and  diminishes  in  strength 
toward  either  end  according  to  a  sine  law.  This  he  shows  would 
result  in  deflection  into  a  simple  curve  of  sines.  This  would  indeed 
be  ideal,  but  from  the  constructional  standpoint  it  appears  to  be 
impracticable.  Only  the  greatest  care  in  manufacture  will  insure 
that  approach  to  accurate  parallelism- of  the  pole  faces  upon  which 
the  lateral  uniformity  of  the  field  depends  and  upon  which  in  turn 
depends  the  proportionality  of  the  deflections  to  the  strength  of 
current.  If  in  addition  an  attempt  were  to  be  made  to  alter  the 
face  lengthwise,  still  maintaining  parallelism  in  the  other  direction, 
the  manufacturing  would  become  a  matter  of  considerable  complex- 
ity. This  might  be  overcome  if  the  results  were  to  be  enough  better 
to  justify  it,  but  a  further  difliculty  arises  from  the  fact  that  the 
shape  would  have  to  be  altered  for  different  specimens  of  iron  and 
finally  no  way  has  been  suggested  whereby  the  maker  could  control 
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the  process  so  as  to  determine  when  the  ideal  condition  has  been 
realized. 

Since  any  other  field  distribution  whatever  will  introduce  partial 
modes  into  the  movement  of  the  string,  it  becomes  a  matter  of 
moment  to  ascertain  as  nearly  as  we  may  their  probable  magnitude 
under  actual  conditions  and  their  probable  effect  on  measurements 
made  with  the  galvanometer.  The  only  theoretical  discussion  of 
the  string  galvanometer  with  which  the  writer  is  familiar  which 
has  taken  account  of  the  partials  at  all  is  that  of  Crehore  and  he 
has  considered  them  only  for  the  assumption  of  uniformity  of  the 
field.  Since  the  amplitudes  of  the  partials  are  small  compared  with 
that  of  the  fundamental  it  is  evident  that  any  conclusion  drawn 
from  an  assumption  which  we  know  to  be  at  variance  with  the  facts 
is  apt  to  prove  illusory.  Before  we  attempt  to  consider  the  possible 
effect  of  such  partials  as  equation  (22)  shows  would  be  present  if 
the  fieldwere  uniform  we  must  first  show  that  the  dift'erence  between 
(22)  and  a  series  which  represents  more  accurately  the  form  for 
the  actual  distribution  of  the  field  is  not  greater  than  the  difi'erence 

TTX 

between  (22)  and  Fi{x)  =  U  sin  -j. 

By  exercise  of  care  in  construction  the  lateral  distribution  of  the 
field  can  be  kept  of  such  uniformity  that  the  deflections  of  the 
string  are  proportional  to  the  strength  of  current  over  a  range  of 
movement  greater  than  that  usually  employed  for  measurements. 
Since  the  same  general  order  of  mechanical  accuracy  is  attained  in 
the  dimension  at  right  angles  to  the  direction  of  motion  of  the  string, 
we  may  reasonably  infer  a  corresponding  uniformity  of  field  in  this 
direct  on  except  for  the  region  of  the  perforation  made  to  admit 
the  optical  system.  The  eft'ect  of  the  projecting  ends  of  the  string 
we  may  neglect  since  the  amount  of  projection  can  be  kept  small 
and  the  motion  near  the  ends  is  very  small  in  any  event.  In  order 
to  obtain  a  limiting  value  for  the  possible  eft'ect  of  the  weakening 
of  the  field  at  the  perforation  we  may  make  the  somewhat  violent 
assumpt  on  that  the  field  in  this  region  is  zero.  For  a  given  type  of 
optical  system  the  effect  of  the  perforation  will  be  greater  the 
shorter  the  string  and  we  shall  therefore  consider  the  smaller  of 
the  two  instruments  to  be  later  described,  as  typical  in  order  to 
get  the  worst  result  likely  to  be  encountered.  In  this  instrument 
the  string  length  is  about  six  times  the  diameter  of  the  perforation 
and  for  greater  simplicity  of  the  analysis  we  shall  take  it  as  exactly  so. 
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We  shall  assume  that  the  field  is  uniform  from  cither  end  of  the 
string  as  far  as  the  perforation.  The  accompanying  figure  5  will 
make  clear  the  condition  assumed. 

The  end  portions  of  the  string  in  the  uniform  parts  of  the  field 

will  be  deflected  into  circular  arcs  and  the  central  portion  of  length  - 

will  be  dragged  out  by  the  motion  of  the  end  portions,  but  will  re- 
main straight.  To  express  the  shape  of  the  string  on  this  assumption 
in  an  equivalent  Fourier  series  w^e  may  proceed  in  either  of  two  ways. 
We  may  obtain  series  for  the  portions  OAB  and  DLC  and  add  to 
these  a  series  for  the  rectangle  A  BCD.  This  which  is  the  more 
direct  method  is  somewhat  laj^orious.  It  is  actually  simpler  to  find 
a  series  for  the  figure  made  up  of  the  rectangle  and  the  arc  BMC, 
then  an  expression  for  the  rectangle.  Subtracting  the  series  for  the 
rectangle  from  that  for  the  figure  ABM  CD,  we  have  left  a  series 


Fig.  5 

for  the  small  segment  included  between  the  arc  BMC  and  the 
rectangle.  On  subtracting  this  last  series  from  that  which  dclines 
the  shape  of  the  string  when  the  field  is  uniform  throughout  we  have 
left  a  series  representing  the  string  in  a  field  uniform  except  for 
the  middle  sixth,  which  is  zero.     For  simplicitv  we  shall  in  every 

case  employ  a  few  terms  of  the  series  w'hen  x=^  smce  it  is  the  value 

of  the  amplitudes  of  the  various  partials  at  the  middle  point  of  the 

string  which  affects  the  record.  Before  we  can  carry  out  this  analysis 

we  require  to  determine  what  fraction- the  ordinate  AB  is  of  i\  the 

ordinate  of  the  middle  point  of  the  arc  when  the  tield  is  uniform 

throughout.   The  flat  portion  BC  owes  its  position  entirely  to  forces 

acting  on  the  portions  of  the  string  OB  and  CL.    If  the  field  were 

uniform  throughout  we  could  find  the  part  of  its  deflection  which 

is  due  to  the  reaction  between  the  middle  sixth  of  the  fixed  field 

and  the  field  around  the  middle  sixth  of  the  string  due  to  the 

current  /  by  assuming  this  middle  portion  to  be  clamped  fast  at 

51  71  .    .         ,  , 

the  points  —  and  — ,  the  tension  on  it  remaining  the  same  as  wlien 
^  12  12 
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these  points  are  free.  The  radius  of  curvature  of  this  central  portion 
will  be  identical  with  that  of  the  string  considered  as  a  whole. 
We  consider  its  ends  fixed  at  the  points  B  and  C  and  require  to  find 
the  deflection  U'i  of  its  middle  point  above  the  line  BC  in  terms  of 
the  deflection  U  oi  the  entire  string  in  uniform  field  above  the  line  OL. 

r- 

By  equation  (3)   we  have  '= "      Then   for   the  portion   BMC, 

8  JJ 


(i) 


r  = 


SU, 


Equating  these  two  expressions  for  r,  we  have 


or  r-Uo  =  —  U 
U         Uo  36 


whence, 


U 

36 

35 
If  we  write  C  for  the  height  of  the  ordinate  AB,C  =  —  U  =  .97  U. 

36 

In  an  uniform  field,  the  Fourier  series  for  the  part  of  the  circular 

5/  7/  . 

arc  lying  between  x^ —  and  x  =  —  is  given  by 
12  12 

F'nix)  =    X;   Tr  /       (^^-^')  sin— ^X  sin--  •  (24) 

s=l        l'^   J  I  I 

5/ 
12 

On  performance  of  the  indicated  integrations,  (Appendix  j),  this 

gives, 

^^    [32  6'       57r       8U  sir     280  U       sir]       STTX 

F„:{x)=    >      \ sin cos 1 sin — ^  sin (25) 

^i    [s'  tt'       12       35^2         12      7257r        12)         / 

On  performance   of  indicated   numerical   operations,    (25)    further 
reduces  to 

^^    [1.033  U      STT     .2704U      ST    1.24  £7       57rl       57r.v 

Fmix)=    >      \ sin cos 1 sin — '^  sin (26) 

^i     {       s^  12  s^~  12  s  12J  I 

We  must  now  obtain  a  series  for  the  rectangular  constant  portion. 
Fc(x)=C.     This  is  given  by, 

2    '^      ru  sr\  STT.v 

Fc{x)^—  2_,      /       Csm— -JXsin— -  ^27) 

12 
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which  may  be  written, 

rr^      2C^=-       rii      ,St\          .   57r.v        ^^AC     .Sir        sirx 
Fc{-r)=—-  2^      I        sin-— JX  sin— -=    2^ sin— sin—    (28) 

t  5  =  1      J  I  I  s  =  l        STT  12  I 

12 

/ 

If  we  put  for  C,  its  value,  .97  U,  and  for  .r,— ,  we  have  to  four  terms, 
=  .  3198  L^-.  2910 1/  +  .  2386  r-.l  704  r+ (29) 


(i) 


This  series  converges  toward  the  value  C  =  .97  U,  and  it  is  evident 
that  the  convergence  is  slow.  Taken  in  connection  with  the  series 
for  the  circular  arc,  it  will,  despite  its  s':ow  convergence,  give  us 
an  idea  of  the  magnitude  of  the  lower  partials  and  show  whether 

/ 
they  tend  to  remain  of  large  value.    From  (26),  putting  x  =  ~,  we 


obtain, 


F„(— )  =  .  3275  r-.  2980  r+.  2447  f-.  1754  r+  •  ■  •■  (30J 


Subtracting  (29)  from   (30), 

(i) 


Fml  —  I  =  .  3275  L^-.  2980  r+.  2447  r-.  17541^+ 


Fc(— )  =  .3198r-.2910r+.2386r-.1704L'+  •  •  • 
lA^— j  =  .0077r-.0070r+.006U'-.0050i:'+  •  •  •  (31) 

\p  (x)  represents  the  small  circular  arc  BMC  in  F'g.  5    and,  sub- 
tracting (31)  from  (22), 
/ 


(i) 


=  1 .  033  U-  .  0382  U-h .  0082  U-  .  003  U  + 


^(—)=    .0077U-.0070U-\-.006lU-.Q05QU-\-  ■ 
I 


(t)-(4) 


^(— I- V'(—)  =  1.0253  ty^-.  0312  6'+.  0021  r+.0020r+  •  •  '      (32) 


Equation  (32)  gives  the  amplitudes  at  the  middle  point  of  the 
string,  of  the  fundamental  and  of  the  third,  fifth,  and  seventh 
partials,  supposing  the  field  uniform  except  for  its  middle  si.xth, 
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which  is  of  strength  zero.  It  will  be  observed  that  the  third  partial 
is  a  little  smaller  than  the  third  of  (22),  the  series  for  uniform  field. 

Although  the  convergence  of  (31)  is  not  rapid,  we  may  be  certain 
that  no  term  after  the  fourth  will  be  larger  than  the  fourth  and  as 
the  series  (22)  converges  very  rapidly,  there  will  be  no  single  partial 
larger  than  those  already  computed.  It  appears  then,  perhaps  un- 
expectedly, that  weakening  of  the  central  part  of  the  field  results 
in  less  disturbance  from  partials  than  would  be  the  case  if  the  field 
were  perfectly  uniform. 

In  the  actual  instrument  the  field  in  the  region  of  the  perfora- 
tion is  by  no  means  zero.  Measurements  made  by  Einthoven  on 
his  original  instrument  showed  the  field  in  this  region  to  be  some- 
what less  than  half  the  strength  measured  in  the  stronger  end  regions. 
The  diameter  of  the  perforation  was  much  larger  and  the  length 
of  the  air  gap  much  greater  in  his  instrument  than  in  the  one  on 
which  the  present  computations  are  based,  so  that  we  sha'l  perhaps 
not  be  far  from  the  truth  if  we  assume  the  field  strength  in  the  region 
of  the  perforation  to  be  half  that  in  the  end  regions.  Naturally  it  is 
not  uniform  throughout  the  region  of  the  perforation,  but  the  effect 
of  this  non-uniformity  will  be  of  the  second  order.  We  may  then 
arrive  at  a  series  which  represents  with  some  approach  to  accuracy 
the  real  magnitude  of  the  partials  in  this  instrument  by  subtracting 
from  (22)  one-half  the  value  of  the  series  (31)  (we  might,  of  course 
get  the  same  result  by  adding  half  of  (31)  to  (32).) 

/  \ 

=  1.  033  L^-.  0382  6^+.  0082  6'-.  003^7-1-  •  •  •  {22) 


=    .  00385  L— .0035  r+.  00305  L'-.  0025  r-f  ••  •    {2>3) 


(i)-'(i) 


=  1 .  02915  6'-  .  0347  U+ .  00515  U-  .  0005  U  (34) 


The  third  partial  in  (34)  approaches  that  in  (22)  as  might  have 
been  expected,  but  it  is  smaller.  W'e  may  then  safely  assume  that 
in  this  galvanometer  the  largest  partial  will  be  between  three  and 
four  per  cent  of  the  maximum  steady  current  deflection. 

For  precise  measurements  the  string  galvanometer  should  be 
used  n  the  critically  damped  condition  and  a  discussion  of  the 
partials  "s  pertinent  only  where  precise  measurements  are  in  question 
so  that  it  m.ay  be  instructive  to  develop  the  equation  which  applies 
to  the  motion  of  the  partials  when  the  fundamenta    is  critically 
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damped.     For  critical  damping  of  the  fundamental  we  remember 

■wa       k 
that  the  condition  is  —  =  - —  and  for  critical  damping  of  the  sth. 
/       2  m 
swa       k 

partial  the  condition  is  — -  = •     Here  the  damping  factor  must 

/        2  ni 

be  larger  than  would  suffice  to  critically  damp  the  fundamental. 
The  occurrence  of  5  as  a  factor  in  the  restoring  force  term  indicates 
that  for  any  given  amplitude  the  amount  of  energy  stored  in  the 
deflected  string  is  greater  according  as  the  segment  under  considera- 
tion is  shorter,  which  is  in  entire  agreement  with  the  well  known 
experimental  fact  that  under  a  given  tension  a  shorter  string  of  the 
same  mass  etc.  requires  the  application  of  greater  force  to  produce 
a  given  deflection  as  compared  with  a  longer  one.  When  therefore, 
the  fundamental  is  critically  damped,  the  partials  will  all  be  under- 
damped  and  to  them  the  oscillatory  form  of  the  solution,  equation 
(8),  still  applies.     To  investigate  the  motion  of  the  partials  when 

the  fundamental  is  critically  damped,  v\'e  may  put  —  or  its  cquiva- 

2t  k 

lent  —  for  —  wherever  the  latter  occurs  in  (8).   On  making  this  sub- 
To         2  m 

stitution  and  reducing,  (See  appendix,  k),  we  have  for  the  com- 
plementary function, 


2  2irl  S 

— e 


'^t  s  =  ^  I      1  /27r/ 

1      \      57r.v  r 

=   )  sin—-  /  ] 
2-1/  /  J 


}    (35) 


I 

sttX 

—  tan-^~i )  sin /  /(X)  ^in (/X 

V  s-'-l/  I  J  I 

0 

e~  r,  is  a  factor  of  the  entire  expression  and  defines  the  law  of  decay 
of  the  motion  of  the  partials.  Each  will  die  away  in  a  series  of  oscil- 
lations whose  frequency  will  depend  on  the  order  of  the  partials. 
They  will  all  die  away  at  the  same  rate  and  this  will  be  the  same  as 
the  rate  of  decay  of  the  fundainental.  The  only  difference  is  that 
the  fundamental  will  die  away  without  oscillations  and  partials  of 
higher  order  will  perform  a  greater  number  of  oscillations  before 
their  motion  stops  than  will  those  of  lower  order.  At  lirst  sight  it 
might  seem  that  a  partial  of  amplitude  from  three  to  four  per  cent 
of  the  total  deflection  of  the  string  would  make  itself  very  evident 
in  the  record.    Let  us  consider  the  amplitude  of  the  third  partial  at 

the  time  /=  — .    Its  amplitude  will  have  declined  to,  u  =  €-^=.208 


4 


a  See  Appendix  A.  Part  2 
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of  its  initial  amplitude.  It  is  usual  practice  to  employ  photographic 
plates  or  film  not  over  6  cm  wide,  admitting  of  a  double  deflection 
of  6  cm.  Let  us  suppose  that  the  initial  deflection  was  3  cm.  We 
are  here  speakng  of  the  deflection  of  the  magnified  shadow,  magnifi- 
cat'on  assumed  to  be  1000  diameters.  The  initial  amplitude  of  the 
third  partial  we  may  take  to  be  four  per  cent  of  the  total  deflect"on, 
which  would  make  it  1.2  mm.  Then  in  a  time  from  the  beginning 
of  the  motion  equal  to  one  quarter  the  natural  period  of  the  string, 
it  will  have  decayed  to  .25  mm,  or  just  above  the  limit  of  legibility. 

Its  own  undamped  period  is  v  so  that  it  will  have  performed  less 

than  one  complete  oscillation  before  it  has  decayed  to  this  small 
value.  It  has  already  been  shown  in  connection  with  the  discussion 
of  the  curve,  Fig.  3,  that  in  order  to  secure  accuracy  of  the  amplitude 
to  one  per  cent,  it  is  necessary  that  the  free  period  of  the  critically 
damped  galvanometer  be  one  tenth  the  period  of  the  highest  com- 
ponent of  the  impressed  force  which  it  is  desired  to  measure  with 
this  accuracy.  If  the  period  of  the  fundamental  were  .001  second, 
the  instrument  would  be  adapted  to  record  with  one  per  cent  ac- 
curacy up  to  a  period  of  .01  second.  In  these  circumstances  a  speed 
of  one  meter  per  second  for  the  photographic  plate  or  film  would 
be  ample  to  resolve  the  motion  and  at  this  speed  the  record  will  have 
traveled  but  one  quarter  of  a  miirmeter  during  the  time  that  the 
third  partial  is  decaying  to  an  amplitude  of  a  quarter  of  a  milli- 
meter. The  amplitude  will  have  diminished  to  nearly  the  limit  of 
legibility  about  the  time  that  the  travel  of  the  plate  or  film  is  suffi- 
cient to  permit  of  reading.  The  major  part  of  the  motion  of  the 
partial  will  have  died  away  during  a  time  so  short  that  it  is  not 
resolved  by  the  motion  of  the  plate.  In  actual  practice  it  is  likely 
that  a  record  involving  frequencies  not  to  exceed  100  per  second 
would  be  made  at  less  than  one  meter  per  second,  in  which  case  the 
chance  of  seeing  anything  of  the  third  partial  would  be  still  smaller. 
I  have  never  seen  anything  in  the  record  of  motion  of  a  critically 
damped  quartz  fiber  which  I  could  identify  as  probably  due  to 
partials.  They  become  easily  evident,  however,  in  the  motion  of  a 
duraluminum  wire  .04  mm  in  diameter,  even  when  the  damping 
is  somewhat  more  than  critical.  The  third  partial  could  be  identified 
with  certainty  when  the  fundamental  period  was  .003  second.  Why 
the  partial  should  be  evident  in  the  record  of  motion  of  this  wire 
and  not  in  records  made  with  coated  quartz  fibers  does  not  appear 
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from  the  equations.  One  notable  difference  between  wire  and  fiber 
is  in  the  flexibility  of  the  latter.  The  equations  do  not  take  account 
of  rigidity."  If  rigidity  has  the  effect  of  increasing  the  magnitude  of 
the  partials  this  should  be  borne  in  mind  when  somewhat  stiff 
metallic  wires  are  employed  for  strings  as  is  occasionally  done. 

If  a  rather  heavy  quartz  string  is  put  under  sufficient  tension 
it  can  be  made  to  execute  several  damped  oscillations  before  it 
comes  to  rest.  If  the  amplitudes  of  successive  oscillations  are  com- 
pared it  is  found  that  the  decrement  is  uniform  after  the  first  oscilla- 
tion, but  a  value  based  on  comparison  between  the  first  and  second 
does  not  agree  with  the  others.  This  was  noticed,  but  not  explained 
by  Einthoven,  (Weitere  Mitteilungen  iiber  das  Saitengalvanometer, 
Annalen  der  Physik,  4th  Series,  21,  p.  490;  1906),  and  Crehore 
comments  on  it  (loc.  cit.  p.  222)  giving  the  explanation.  The  dis- 
crepancy is  due  to  the  partials  which  have  not  died  away  during  the 
first  oscillation  of  the  fundamental,  but  have  become  imperceptible 
by  the  time  the  second  and  third  fundamental  oscillations  occur. 
The  galvanometer  is  not  used  in  this  condition  and  the  only  purpose 
for  which  these  oscillations  would  be  measured  would  be  to  determine 
the  logarithmic  decrement;  either  for  determination  of  the  damping 
constant,  or  the  correction  for  damping  to  be  applied  in  obtaining 
the  free  period  from  the  damped  period.  We  have  shown  how  the 
free  period  and  damping  constant  can  be  determined  in  a  manner 
capable  of  giving  more  accurate  results  and  dismiss  the  matter 
with  the  remark  that  it  is  of  interest  as  indicating  the  existence  of 
the  partials. 

There  is  one  aspect  of  the  partials  which  we  should  not  pass  over 
without  investigation.  That  is  the  possibility  that  a  component 
of  the  impressed  force  may  happen  to  agree  in  period  with  one  of 
the  partials  so  that  resonance  of  that  partial  may  occur.  The 
significance  of  such  an  occurrence  will  depend  on  the  sharpness  of 
the  resonance,  which  in  turn  depends  upon  the  amount  of  (himpin^. 
We  may  examine  this  matter  by  studying  the  particular  integral 
which  defines  the  forced  motion  under  the  assumptions,  first  that 
the  damping  of  the  fundamental  is  critical,  since  this  is  the  con- 
dition of  principal  interest,  and  second,  that  ;/cj  in  the  particular 
integral  is  equal  to  lirfsk,  where /«/,  is  the  damped  frequency  of  the 
sth.  partial.    Since  the  sth.  partial  is  subject  to  considerable  damp- 

For  a  hint  as  to  the  method  to  be  followed  if  it  is  desired  to  consider  rigidity  in  the  analysis, 
see  Lord  Rayleigh,  Theory  of  .Sound,  /,  Art.  137,  p.  165;  1877. 
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ing  when  the  fundamental  is  critically  damped,  we  cannot  derive 
an  entirely  accurate  result  by  substituting  ior  fsk,  — '  the  undamped 

To 

frequency  of  the  sth.  partial,  but  must  derive  an  expression  for  the 
damped  period  of  the  partial  under  the  given  condition  of  damping. 
The  damped  period  is  given  by, 

and  for  critical  damping  of  the  fundamental  we  have  as  usual, 

ira        k        2tt 

I       2m      To 
so  that, 

27r  To 


Tsk  — 


/ 


4x^52     47r2      V52-I 

2  *> 

To  To" 


V52-I                                    2Tr\/s'--l                              4n-s^-Aw'- 
and   /s/c  = so   that      ;/co= and   ;/-cj-  = 

To  ■''0  To" 

4;»7r                     16w*5r^ 
We  have  also  from  the  damping  condition  that  k  = and  k^  = — 

To  To" 

and  substituting  these  values  in  the  amplitude  factor  of  the  particu- 
lar! integral  of  (8),  we  have, 


(36) 


4/— T-x ;— +^M— r ; ) 

y  To"  To"  \     To-  To"  / 

This  bv  simple  algebraic  transformations  readily  reduces  to, 

4Tr^mV4s^-3 

Perhaps  the  most  convenient  way  to  appreciate  the  meaning  of 
(36)  will  be  to  determine  the  ratio  between  the  amplitude  which  it 
expresses  and  that  which  an  equal  force  of  the  same  period  would 
produce  if  it  acted  on  an  ideal  instrument  with  massless  string  of 
length,  /,  and  without  damping.    The  amplitude  factor  of  such  an 

HInl' 

instrument  may  be  derived  from  (12)  by  putting  s  =  \,  and  is,  — n;r  • 

The  deflections  of  this  ideal  instrument  will  be  the  same  for  all 
frequenc'es  as  the  deflection  of  an  actual  instrument  under  the  same 
conditions  of  field  strength  and  tension  if  the  maximum  amplitude 
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of  the  periodic  current  were  to  flow  as  a  steady  current  through  it 
for  an  indefinitely  long  time.  Dividing  (36)  by  the  expression 
derived  from  (12),  we  have, 


u 


47r^^"V452-3 
T 


X- 


Hln  P     4mr- 


V-is-'-^ 


To"  l- 

Remembering  that  —  =  a~,  and  that  —  =  —  ,  we  have. 


Pa'~ 


(37) 


V452-3 

The  following  table  gives  the  value  of  this  ratio  for  several  orders 
of  5  and,  for  comparison,  values  of  the  deflection  of  the  critically 
damped  fundamental  for  the  same  period  of  mpressed  force,  taken 
from  the  curve.  Fig.  3. 


Order  of 
partial 

Ratio  ^ 

Ratio  ^ 

3 

.174 

.10 

5 

.1016 

.04 

7 

.072 

.02 

9 

.0558 

.012 

•  From  this  table  it  appears  that  the  resonance  of  the  partials  when 
the  damping  is  of  sufiicient  amount  to  make  the  motion  of  the 
fundamental  just  non-oscillatory,  is  not  at  all  sharp.  The  deflections 
are  much  less  than  the  fundamental  steady  current  deflection  for  a 
current  equal  to  the  maximum  amplitude  of  the  periodic  current. 
It  is,  however,  always  distinctly  greater  than  the  fundamental 
amplitude  of  the  same  instrument  for  the  same  frequency  and  this 
discrepancy  increases  with  the  order  of  the  partial  as  we  might  have 
expected.  Distortion  due  to  this  cause  will  then  be  slight,  and  values 
corrected  according  to  the  curve.  Fig.  3;  will  in  general  meet  practical 
requirements.  If  harmonic  analysis  of  a  record  shows  the  occurrence 
of  a  frequency  in  resonance  with  a  partial  and  it  is  desired  to  apply 
a  more  rigorous  correction,  the  equations  just  developed  indicate 
the  method  to  be  followed. 

This  completes  the  purely  theoretical  part  of  this  paper.  In 
Part  II  we  shall  consider  the  constants  of  actual  instruments  and 
discuss  the  limits  of  period,  damping  and  sensitivity  which  can  be 
practically  attained  with  different  types.  We  shall  have  occasion  to 
refer  to  calculations  on  the  magnetic  circuits  of  string  galvanomc- 
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ters,  but  it  is  unnecessary  to  discuss  this  matter  in  its  theoretical 
aspects  since  there  is  nothing  relating  to  the  magnetic  circuit  of  the 
string  galvanometer  of  a  special  character. 

APPENDIX  TO  PART  I 

(a) 
For  a  more  complete  mathematical  discussion  of  this  part  of  the 
subject,  see  Thomson  and  Tait,  Treatise  on  Natural  Philosophy, 
Impression  of  1912,  Part  II,  Articles  574-577,  inclusive,  pp.  118-122. 

(b) 

The  curve  into  which  the  string  is  deflected  by  steady  current 
has  been  assumed  by  different  writers  to  be  a  parabola,  catenary, 
etc.  Crehore  was  the  first  to  show  clearly  that  it  is  a  circle  if  the 
field  is  uniform.  This  might  also  have  been  inferred  from  experi- 
mental results.  For  example  Wiedemann  (9),  describes  an  experi- 
ment in  which  a  platinum  wire  placed  in  an  uniform  field  and  carry- 
ing current  of  sufHcient  strength  to  make  it  soft,  deflects  into  a 
semicircle.  Wehnclt  (10),  showed  that  a  stream  of  soft  cathode 
rays  in  an  uniform  magnetic  field  is  bent  into  a  complete  circle  whose 
radius  depends  on  the  field  strength  and  on  the  velocity  of  the 
electrons. 

(c)  - 

Referring  to  Fig.  2,  we  see  from  the  properties  of  a  right  triangle 

/  /  \  2  /- 

that,  r--l~\   =(r-U)-  or  r- --^  ^r'^ -2rU -\-U-.     If  the  length 

of  the  string  be  taken  as  7  cm  and  the  deflection,  U,  as  .003  cm, 
which  may  be  regarded  as  representative  and  not  as  extreme  values, 
r  is  of  the  order  of  20  meters  and  U~  is  a  little  more  than  one  part  in  two 
hundred  million  of  r.  It  is  about  five  parts  in  a  million  of  /-  so  that 
in  comparison  with  either  r  or  /-  we  may  neglect  U-.    Dropping  U-, 

r'  i- 

2rU  =  —  ,  and  r  = ,  which  is  (3). 

(d) 

Equation  (7)  is  so  well  known  that  it  seems  hardly  worth  while 
to  go  into  its  derivation.  The  reader  may  consult,  Rayleigh,  Theory 
of  Sound,  vol.  I,  p.  135  and  149,  edition  of  1877;  or  Houstoun, 
Introduction  to  JMathematical  Physics,  pp.  109  to  113,  inclusive. 

The  complementary  function  of  the  solution,  (8),  is  taken  from 
Byerly's  Fourier's  Series  and  Spherical,  Cylindrical  and  Ellipsoidal 
Harmonics,  Page  115,  equation  (14).  The  notation  used  in  this 
paper  is  slightly  different  and  the  equation  has  been  transformed 
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to  an  equivalent  form  better  adapted  to  the  purposes  of  this  paper. 
The  solution  as  given  by  Professor  Byerly,  but  in  the  notation  used 
throughout  this  paper  is, 


2       kt 

g-2m 


2m 


s-TT-a- 


k-   sin/ 
4;??- 


/-         4w2 


)S-KX    f                   STr\ 
sin^ /  /(X)  sin d\ 


I  (8a) 


/ 


site    the   side   A .      Sin  e  = 


The  terms  in  the  parenthesis  are  of  the  form,  A  sin  d-\-B  cos  6. 
Consider  the  right  triangle,  Fig.  6,  and  let  e  be  the  angle  oppo- 

A  B  ^  A 

. ■,     cose=    / and   ia.ne=-r.. 

v.42+^2'  Va--\-B''  ^ 

Put  Q  =  y/A--\-B'.  Then  ()  sin  e  =  A  and  Q  cos  e  =  B.  Substitute  in 
the  expression  A  sin  d-{-B  cos  d,  Q  sin  e  for  A ,  and  (2  cos  e  for  iJ.  The 
expression  becomes,  (2(sinesin0  +  cos€cos0).      This  by  a  well  known 

trigonometrical  substitution  becomes,   Q  cos   (0— e).      €  =  tan~^ — . 

B 


A 


B 

Fig.  6 


(See  S.  L.  Loney's  Plane  Trigonometry,  Table  of  Formulae, 
p.  xi.  Group  VI,  No.  4,  or  B.  0.  Peirce,  Short  Table  of  Integrals, 
p.  75,  No.  592.)  The  same  transformation  is  used  elsewhere  in  this 
paper. 


In  equation  (8a)  we  may  write  for  A, 


B,  unity. 

Q  will  then  be,  /j 

transformation  gives,    Q- 


k- 


and  for 


r- 


/  s-TT-a'- 

y-T- 

which  by  a  simple  algebraic 


V7- 


and 
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We  may  now  write  for  (8a), 


cosl    {  a/ . 


ms-TT'-a- 
k \  .      i 

y       I'        4,n-/  0 


57rX 
fC\)  sin d\ 

I 


which  is  the  complementary  function  of  (8).^ 

As  regards  the  method  of  obtaining  the  particular  integral  of  (8), 
we  may  remark  that  there  is  a  close  formal  analogy  between  the 
methods  applicable  for  obtaining  a  particular  integral  of  an  or- 
dinary differential  equation  and  those  which  apply  to  partial  dif- 
ferential equations.  The  reader  may  consult,  A  Treatise  on  Ordinary 
and  Partial  Differential  Equations,  by  W.  W.  Johnson,  p.  109, 
Art.  1 1 1  et  seq.  for  methods  applicable  to  the  ordinary  form  containing 
trigonometric   functions   and   for   the   corresponding   methods   for 

'^  To  attempt  to  ascertain  the  fonn  of  the  most  general  solution  of  a  partial  dififerential 
equation  by  generalization  from  the  corresponding  ordinary  differential  equation  is  admittedly 
futile.  (See  A.  R.  Forsyth,  Theory  of  Differential  Equations,  Part  IV,  Vol.  V,  pp.  2-4.) 
In  the  applications  of  these  equations  to  mathematical  physics,  however,  the  most  complete 
solution  is  apt  to  be  much  too  general  and  must  often  be  limited  by  boundary  conditions 
dependent  on  phj-sical  specifications  quite  unrelated  to  the  form  of  the  equation.  In  solving 
the  equation  (7)  for  the  conditions  of  critical  and  more  than  critical  damping,  we  shall  find  that 
such  a  generalization  will  lead  to  solutions  of  sufficient  generality  for  our  purpose.  We  might 
have  derived  the  solution  for  the  oscillator}'  case  in  this  manner  also.  This  alternative 
method  of  solution  is  given[below. 

k  fj.  IJL  k- 

The  solution  of,  M-| u-\ u  =  0   when  — > .  is, 

m     ^[nii  ■  -,,,  m     4m- 


u=e~2miAsint  a/ ^Bcost  A/ )  (1) 

V  V    m     Am-  y    m     4m-     / 

To  evaluate  the  arbitrary  constants,  A  and  B,  we  have,  that  when  /  =  0,  u=U  and  m=0. 
Tutting  <  =  0,  «  =  (°(5)  =  f/.[[Differentiating  (1),  _ 

u  ,       ^-        r,-^t  f'r  — - 

k         ki  /                /  n       k-                     /  fx       k-  \ 
u= e~2m  \  A  sin/ i  / \-Bcosi  a 1  + 


e~2m 


\     y   m.     4m^l"4  F    w     4m'  Vm     4?h2  ""   y    w      4m') 


when  t=0 
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partial  differential  equations,  p.  357,  Art.  330.  For  another  method, 
see  A.  R.  Forsyth,  Treatise  on  Differential  Equations,  p.  74,  III, 
for  the  ordinary  form  and  p.  518,  Art.  264,  for  partial  equations. 


Putting  t  equal  to  zero  in  this  expression,  we  have, 

k  fix         k^ 

il  = B  -\-A  a/ ,  or,  since  B  =  U, 

2m  y    ni      4rrr 


A  = 


kU 


'        i\i         All?  2 


2m 


ni      4w^ 


The  solution  then  is, 


«=  Ue  2m  \  2m 

y 


sin  / 


m     4/;z- 


m      4;«2 


m      4w^ 


To  solve  the  corresponding  partial  differential  equation  we  must  substitute  for  U ,  a  function 
of  X  which  will  satisfy  the  same  conditions  as  U  and  at  the  same  time  the  further  conditions 
that  the  deflection  is  always  zero  vihen  .r  =  0  and  when  x  =  l  and  that  when  /  =  0  the  shape  of 
the  string  is  represented  by  some  Fourier  series.    Such  a  function  is, 


Fix)  =  -   2^  sin  —  I  /(X)  sin  --  dX. 


:  =  1  '0 

Substituting  this  for  U,  we  have  as  a  solution  of, 


S^u     kdii        d-ti 

\ ,j2 — =0. 

3/2     piQt        dx- 


H,=-    e-2m     >  /   /  Sm   t     a/    :_ 

/  0 


fix)  sin  -—  </X 


which  is  the  equivalent  of  Professor  Bycrly's  solution  and  readily  reduces  to, 


2      ^'■^- 
u=—  e'2»i   > 

s=  1 


/ 


/2     ~^m- 


—  tan 


/2    2  COS  I     /     y 

,  /jW      ^  Isin-^     / 


sttX 
/■(X)  sin  -  -  (/X 


Tlie  reason  for  writing   '^^'   in  place  of    —    of  the  ordinary  equation  will  be  appnrent 
to  anyone  who  is  familiar  with  the  usual  method  of  solving  this  equation. 
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d  d 

Writing  D  for  — ,  and  D'  for  — ,  we  may  express  the  particular 

dt  dx 

integral  of  (7)  symbolically,  thus: 

>         2_^    cosnco/sm 


m{D^-+-D       —^   -'      '^'        "  ^ 


•  fD^-+-D-aw\   "=' 


Omitting  during  the  intermediate  steps  the  signs  of  summation, 
which  will  be  understood  and  taken  up  at  the  end,  and  remembering 

that  for  the  cosine  and  sine,  /  (D-)  =/(  — w-w^)  and/(Z)'-)  =/( — --), 

we  rnay  now  write, 

///„  .     57r.T 

«  = coswcij/sin . 

kD+ml—- nW\ 

— n-cc-  \ , 

Performing  the   'ndicatcd  differentiation  and  substituting  for  D-, 

its  value, 

57r.r         /s~-K-a~            \                _   STTX 
knws\nu(xit^'n\ in\ v.-oi'^  |cos7?co/sin 

/      V  i'         J  I 


we  have,  /c2^2„2 

kD-m^ 

SirX 
u  =  HI„ — ^        cosnutsin- 


U  =  Hln- 


k^n~o)-  —  m^ 


Since  the  signs  of  all  the  terms  are  now  negative,  we  may  write  all 
of  them  positive  and  proceed  to  employ  the  same  trigonometric 

transformation  just  previously  explained.     In  this  transformation, 

(s'-TT-a-  \ 

— ;/-co'-  j,  to  "B."     Q  will 

then  be  represented  by, 


and  we  may  write  for, 


km 


ly   k-n-oy--\-m-{ ;; //-co-  I     ' 
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i-\  — if-bi~  \ 


cose 


where, 


V   r- 


=   i  QT-l— 1- 


e  =  Ian 


\   r-  ) 

Dividing  both  numerator  and  denominator  of  the  last  expression 

for  «,  by,  y   ^-;?-co-  +  ;«2| — //^oj^  1  ^  and  writing  sin  e,  cose,  for 

the  corresponding  longer  expressions,  we  have, 

sin  e  sin  nwt  sin f-  cose  cos ;/  a'  /  sin 

U  =  HIn- 


47r- 

.2 


(e) 


sVa^      k^  •  Squaring  and  rc-arranging,  we  have, —  = 


ta- 


Putting  for  the  fundamental  mode,  5  =  1,  and  remembering 

21     CO    fVinf     o-      4                          k-      Att-     47r-  _ 

that,   ro  =  — '   ^"    Lnai,  ___^    ^^^^   j^^^.^ ___ -from    which 

a  I"        To'  4W'        To"         Ti,- 

we  see  at  once  that, =  -'^\/ •     ^lalhemalicallv   this   ex- 

pression  may  have  either  a  positive  or  a  negative  sign,  but  there  can 
be  no  ambiguity  physically  for  a  positive  exponent  of  "e"  would 
represent  a  motion  increasing  without  limit  as  time  elapses  and  with- 
out the  application  of  any  force,  which  has  no  meaning. 
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(f) 

For  an  explanation  of  the  auxiliary  equation  and  its  use,  see 
J.  W.  Mellor,  Higher  Mathematics  for  Students  of  Chemistry  and 
Physics,  third  edition,  p.  400.  For  its  use  in  connection  with  the 
solution  of  (7),  see  Byerly,  Fourier's  Series  etc.,  p.  113. 

When  the  roots  of  the  auxiliary  equation  are  equal,  trigonometric 
functions  no  longer  appear  in  the  solution. 

A  partial  differential  equation  may  be  looked  upon  as  equivalent 
to  an  infinite  number  of  ordinary  differential  equations  and  there 
is  a  close  formal  analogy  between  the  two  types.  It  is  often  easiest 
to  approach  the  solution  by  considering  the  form  of  solution  of  the 
corresponding  ordinary  equation.  The  solution  of  the  ordinary 
equation  with  equal  roots  is  of  the  form,  n  =e"[Al-\-A2X-\r 
A3x'^-{-  ]     See  Forsyth,  Dift".  Eq.,  p.  67.     Ai,  A2  etc.  are 

arbitrary  constants  whose  value  is  determined  by  outside  conditions 
not  pertaining  to  the  form  of  the  equation  itself.  In  the  partial 
differential  equation  which  is  more  general,  we  have  arbitrary 
functions  instead  of  arbitrary  constants.  In  this  particular  equation 
functions  of  x  may  be  taken  to  represent  the  infinite  number  of 
arbitrary  constants  which  would  be  found  in  the  infinity  of  ordinary 
differential  equations,  (one  for  every  point  of  the  string),  which 
we  might  regard  as  the  solution  of  the  problem.  (Compare  Forsyth, 
Article  260,  p.  512).  Since  the  partial  differential  equation  is 
linear,  we  shall  expect  no  power  of  /  beyond  the  first  and  may 
write  as  a  tentative  solution,  ii=e^'{Fi{x)-\-F2ix)t)  (/)  in  which 
we  have  to  evaluate  the  functions  Fi{x)  and  Fsix)  from  the  outside 

conditions.  Here  again  we  may  profitably  resort  to  analogy  with  the 

d'U      k      du     n 

ordinary  equation.  The  solution  of  the  equation, 1- — 1 — "  =  0 

dt~      in      dt      VI 

(7/)is,  for  the  case  of  equal  roots,  «  =  e^'(A  -\-Bt)  {III).    This  might  be 

regarded  as  representing  the  motion  of  some  single  point  of  the 

string,  say  the  middle  point,  if  it  were  entirely  unaffected  by  the 

motion  of  other  parts  of  the  string.     When  t  is  zero,  u  =  U ,  from 

which  it   is   evident    that   A  =  U .     Differentiating   III,    we   have, 

du 

—  =  /3£'^'(.4+^0+^^^'  =  '"°  ^A+B  and  this  is  zero  when  /  is  zero 
dt 

since  it  represents  the  velocity  of  the  string,  which  is  zero  until 

it  begins  to  move.     Therefore  B=—^A   or  B=—^U.      U  is  the 

maximum  deflection  of  the  single  point  whose   motion  is  defined 

by  (II)  and  in  the  partial  dift'erential  equation  the  deflection  of  all 

of  the  infinite  number  of  points  which  make  up  the  string  is  repre- 
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sented  by  Y{x)  when  t  is  zero.  U,  then,  corresponds  to  F{x)  and 
U  =  A  which  corresponds  to  Fi(.r)  in  (I)  so  that  FoC.r)  would 
correspond  to  B=  —fiA  =  -^U  =  -0F{x).  If  we  substitute  these 
values  in  (I)  our  tentative  solution  becomes,  u  =  e^'{F{x)  —^t  F(x)) 
and  on  substituting  for  F{x)  a  value,  which  satisfies  the  boundary 
conditions,  we  obtain  immediately  the  equation  (10)  in  the  text. 
This,  as  there  explained,  satisfies  the  differential  equation  and  the 
outside  conditions  and  is  therefore,  an  acceptable  solution. 

(g)         \ 
The  amplitude  term  of  the  particular  integral  in  (8)  is, 


y  k~nW~+mH ^ nW~  \ 


Isiram 
Substituting   for    k,    the    value,    corresponding   to    critical 

damping  of  the  sth.  partial  mode  of  the  string's  vibration,  we  have, 

y  ■ — J. — +^«'  (-^—  "•^'^7 

Since  m  is  a  factor  of  both  terms  under  the  radical,  we  may  take  it 
out,  and,  performing  the  indicated  involution  of  the  second  term, 
we  have,  jjj^ 

r-  I'  l^ 

which  reduces  to, 

HIn 


m  A/ ^__^ —~\-nW 

y     /4  /2 

and  since  the  expression  under  the  radical  is  now  a  perfect  square, 
we  have  ///„ 


m 


Remembering  that  a'  =  T/m,  we  may  readily  transform  this  expression 

HIn 

to  s^T^^T  and  from  this  the  form  given  in  the  text,  equation 

WH-OJ- 

(11),  is  obtained  by  multiplying  numerator  and  denominator  by  /'. 

In  the  discussion  of  equation  (11),  the  statement  is  made  that  if 

k  and  m  were  both  zero  the  phase  angle  would  be  zero.    The  cxpres- 
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sion  for  the  tangent  of  the  phase   angle   can   be  put  into   better 

Is-iranw 

form  to   demonstrate  that  this  statement  is  true.        /s^ir^a 


s^TT^a    n'^wH  .  Rememberin,g  that  a  = /4  /  —  so  that  a  is  infinite 


Isirnw 


IsTrnoo 


when  m  is  zero,  we  have,  (w  =  0),  -s-V^ qq     nWl  which  is  manifestly 

/ 
equal  to  zero. 

(h) 

The  solution  of  (7)  for  condition  (c)  given  in  equation  (16)  can 
also  be  derived  as  was  that  for  condition  (b)  from  the  analogous 
solution  of  an  ordinary  differential  equation.  The  solution  of 
equation  (II),  appendix  (f)  for  more  than  critical  damping  is, 
u  =  Ci^'-hCoJ''  (I)h. 

/3i  and  /32  are  the  two  real  and  distinct  roots  of  the  auxiliary 
equation.  For  our  present  purpose  we  need  not  stop  to  determine 
the  values  of  these  roots,  which  would  be  similar  in  form  to  those  of 
the  corresponding  partial  differential  equation.  We  are  at  present 
concerned  with  the  determination  of  the  arbitrary  constants  Ci 
and  Co,  with  a  view  to  obtaining  a  hint  as  to  the  probable  form  of  the 
solution  of  (7)  for  the  condition  (c).  Supposing  as  before,  the 
ordinary  differential  equation  to  represent  the  motion  of  the  middle 
point  of  the  string  entirely  unaffected  by  the  motion  of  other  parts, 
we  see  that  when  /  =  0,  h  =  U  =  Ci-\-C2  (II)  h. 

Differentiating  (I)h,  and  putting  /  =  0,  we  have,  since  the  velocity 
of  the  string  is  zero  when  /  =  0, 

du 

dt 

/3iCi=-^oCo       (Ill)h 

From  (II)h  and  (Ill)h  we  have, 

02 


(4:)-(-?) 


/32 

Ci=U    — (IV) /; 

/32-/3i 


Also  from  ill)h  and  (Ill)h  we  have, 

<-F;)-(Tr') 


ft  /  13-2 
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/    f^i     \ 

€0=  I  \ I  or  for  greater  svmmctrv,  we  may  write. 

Co=-u(---\  .     (V)h. 

The  solution  of  (I)h,  on  substituting  these  values  of  Ci  and  Co, 
becomes. 


/ 


In  the  more  general  partial  differential  equation,  U  will  be  different 
for  every  value  of  x  along  the  length  of  the  string  and  will  be  zero 
at  each  end  where  the  string  is  held  fast.  We  must  therefore  replace 
U  with  some  function  of  x  which  will  define  the  law  of  variation  of  u 
along  the  string  and  in  particular  cause  «  to  vanish  when  .r  =  0  and 
when  x=l.  The  function  which  appears  in  the  solutions  for  condi- 
tions (a)  and  (b)  meets  these  requirements.  Substituting  it  for  U, 
we  have  at  once  equation  (16)  of  the  text.  This  satisfies  the  outside 
conditions  and  the  differential  equation  and  is  therefore  a  satis- 
factory solution. 

(i)        ^ 
The  formulas  for  these  integrations  are, 

57rX                /X        St\       l-      .   s-k\ 
X  sin d\= cos^ 1 sin (1) 

/  ST  I  S-TT^  I 

57rX  /X2       57rX     2/-X        57rX       2P'      Sir\ 

X-sin d\= cos 1 sin \ -cos .  (2) 

/  STC  I        5^2  /        sV  I 

The  general  reduction  formula  for  obtaining  the  above  is, 

//axcosax  —  ns'max\      n{n—\)    /'        ,  .         , 
.v"sina.v</.v= -.v"-ij _^   I /   .v"--sin<7.v</.v 

The  manner  of  deriving  this  formula  by  successive  applications 
of  the  method  of  integration  by  parts  can  be  found  in  Williamson's 
Integral  Calculus,  page  78,  Article  65. 

(J) 
The  same  method  of  integration  is  employed  as  that  referred  to 
in  appendix  (i).     Integration  over  a  part  only  of  the  length  of  the 
string  is  more  tedious,  but  not  difficult.     The  following  trigono- 
metric relations  were  used  in  reducing  the  result. 

SSTT  SIT  ISTT  Sir 

sin =  cos —  sin =  cos— 

12  12  12  12 

557r  57r  7sT  .    sir 

COS =  sin —  cos =—  ^i"7T 

12  12  12  1- 


/ 
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As  a  check  on  the  correctness  of  signs  etc.  the  integration  was  also 

5/  11 

performed  from  zero  to  —  and  from  —  to  I  and  the  sum  of  the 
^  12  12 

results  of  the  three  integrations  was  found  to  be  the  same  as  that 

obtained  in  the  much  simpler  single  integration  from  zero  to  /. 

(k) 


P¥' 


4m^5^7r^a^ 


P  I 


S'TT'-a' 


n 


~^^ /     1 


P        4m'        y  P 

In    the    cosine   term,    the   expression   under   the   radical   becomes, 

^' "'/  .,     1N  and  putting -'^  for  ^^  we  have,       Z'^'^^,  ,     ,^     ^tt        — 

^  ^0  '  y       To^  To 

k  1  1 

The  tangent  of  the  phase  angle  becomes,  t — '  "  ~                = — zm^ 

^  '■  ^  '  2in     2ir a'T^-^I 

k      ira     Itt  —  V^'-l 

Since,  —  =  ■ — = —  .  '''^ 
2  m      I      To 

Department  of  Physiology, 
CoLUMBL\  University, 
New  York  City. 
IMarch  1,  1924. 
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The  oral  administration  of  insulin  to  rabbits. 

By  HARVEY  S.  THATCHER.* 

[From  the  Deparimeni  of  Physiologij,  Columbia  University,  Neiv 

York  City.] 

Two  papers  have  recently  appeared  on  the  absotption  of  insu- 
lin in  alcoholic  solution  from  the  stomach.  Winter'  stated  that 
insulin  in  weak  alcoholic  solution  administered  to  rabbits  per  os 
caused  the  blood  sugar  to  fall  to  a  low  level.  Blather  wick"  con- 
cluded that  the  oral  administration  of  a  weak  solution  of  alcohol 
to  rabbits  caused  marked  decrease  in  the  blood  sugar.  There 
was  no  absorption  of  insulin  from  the  stomach  even  though  large 
amounts  were  given  in  alcohol,  whether  it  was  dissolved  in  ice 
water  or  in  0.4  per  cent  sodium  carbonate  solution.  There  was  a 
hypoglycemia  with  insulin  in  alcohol  and  with  alcohol  alone. 

Recently,  with  the  assistance  of  Levin.  Allen,  Malich.  Nacha- 
mie.  Knox  and  Iloff,  members  of  the  second-year  class  in  physi- 
ology, we  have  carried  out  a  series  of  experiments  on  adminis- 
tration of  insulin  in  dilute  alcohol.  The  Shafer-Hartman  method 
for  the  determination  of  the  blood  sugar  was  used. 

The  rabbits  were  given  the  alcohol  daily  in  increasing  doses, 
thereby  becoming  accustomed  to  the  stomach  tube  and  to  the 
narcotic  effect  of  the  alcohol.  The  animals  were  not  fed  in  the 
morning  before  or  during  the  experiments.     The  diet  consisted 

*  Introduced  by  H.  B.  Williams. 
1  Winter,  L.  B.,  J.  Phy.iinl.,  1928,  Iviii,  18. 

-  Blatherwick,  X.  R.,  Maxwell,  L.  ('.,  :in<l  Long.  M.  L.,  Am.  ./.  Phusiol., 
1924,  Ixv-ii,  346. 
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of  oats,  hay  and  cabbage^,  a  diet  which  should  have  rendered  tlie 
rabbits  sensitive  to  insuHn^ 

The  insulin  used  was  the  "Lilly  U-20  units." 

The  results  of  these  experiments  are  exhibited  in  the  accom- 
panying table. 

CONCLUSION 

While  the  results  of  our  work  are  not  conclusive,  they  make 
it  seem  improbable  that  insulin  when  administered  in  alcoholic 
solution  is  absorbed  from  the  stomach  in  amounts  that  would 
give  this  method  of  administration  any  practical  importance. 

My  thanks  are  due  to  Prof.  E.  L.  Scott  for  suggesting  this^ 
work. 


8  Sherman,  H.  C,  and  Gettler,  A.  0.,  J.  Biol.  Chtm..  1912,  xi,  323. 
*  Page,  I.  H.,  Avi.  J.  Physiul,  1923,  Ixvi,  1. 
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The  Future  of  Biological   Investigation' 

Horatio    /•'.    irHliaiiis.    Dultoii    Professor    of    Plixsiolot/y.    CoUajc    of 
riiysiciaiis  ami  Surgeons,  Columbia   Uniz'ersity. 


K  choosing  a 
topic  tor  these 
brief  remarks  it 
seemed  to  me 
most  appropriate 
to  select  one 
which  would  per- 
mit me  to  touch 
lightly  certain 
aspects  of  the 
educational  prob- 
lem which  concerns  us  all.  1  wonder  what 
your  views  are  regarding  the  value  of  edu- 
cation. Perhaps  in  common  with  many  you 
think  most  of  its  utilitarian  values.  1  think 
the  average  person  regards  an  education 
as  a  training  which  will  fit  him  the  better 
to  perform  his  daily  tasks  and  enable  him 
the  more  easily  to  outstrip  his  fellows  in 
the  struggle  for  material  success.  It  is  true 
that  education  will  do  this,  but  is  this  all? 
What  after  all  is  this  material  success  for 
which  so  many  people  give  their  best  ef- 
forts? To  the  lower  animals  and,  I  fear, 
to  many  men  material  success  means  meet- 
ing the  needs  of  the  body  for  food  and 
shelter  for  today  so  that  its  existence  may 
be  continued  until  tomorrow  and  so  on  in 
endless  repetition  until  at  last  the  law  of 
the  sequence  is  broken  and  the  individual's 
struggle  for  continued  existence  is  at  an 
end.  Rightly  regarded,  the  main  purpose 
of  an  education  is  not  grossly  utilitarian. 
The  capacity  to  derive  more  than  mere  ani- 
mal comfort  from  material  success  depends 
upon  the  develo])ment  of  those  powers 
which  it  is  the  function  of  education  to 
cultivate.  From  this  standpoint  all  educa- 
tion is  good,  all  knowledge  is  a  source  of 
joy  to  its  possessor,  but  for  the  cultivation 
of  a  serene  outlook  on  life  and  its  vicissi- 
tudes, for  the  maintenance  of  a  sound  bal- 
ance and  correct  perspective  the  discipline 
of  Medicince  seems  especially  fortunate. 

'Address   delivered   at   tlie   opening   exercises   of 
the  College  of  Physicians  and  Surgeons,  Columbia 

University,    on    .Sfptcmber    .?3,    192.S. 


During  the  early  years  of  childhood  our 
every  need  is  anticipated  and  we  receive 
constant  care.  Later  we  must  learn  to  de- 
l)end  on  our  own  efforts  and  so  gradually 
this  parental  care  must  be  relaxed  so  that 
we  may  learn  .self-dependence.  So  in  our 
education  at  first  we  are  merely  given  facts 
to  learn.  How  anyone  came  to  know  them 
as  facts  need  not  for  the  present  trouble 
us.  Eventually  we  must  depart  from  this 
method,  for  in* time  we  shall  reach  a  stage 
when  the  answers  to  our  questions  are  not  , 
to  be  found  in  books  nor  obtained  from 
men,  but  must  be  obtained  direct  from  Na- 
ture. Some  of  you,  I  hope  most  of  you, 
have  already  begun  to  reach  the  stage  of 
intellectual  independence,  but  it  has  been 
our  observation  in  the  past  that  the  medical 
student  craves  definite  statements  of  fact 
such  as  he  liecomes  accustomed  to  in  his 
more  elementary  studies.  In  some  branches 
of  the  work  this  craving  can  be  gratified 
to  a  limited  extent,  but  in  the  greater  num- 
ber of  cases  definite  dogmatic  .statements 
would  be  as  likely  to  mislead  as  not.  The 
medical  sciences  are  growntig.  Methods  of 
investigation  improve.  Things  which  were 
regarded  as  facts  of  observation  a  few 
years  ago  are  shown  by  more  accurate 
measurements  not  to  Ik-  so.  Theories  par- 
ticularly are  subject  to  change  in  the  light 
of  new  knowledge.  You  will  not  infre- 
quently find  several  theories  presented  to 
account  for  some  biological  process.  The 
evidence  for  and  against  these  will  l>e  given 
and  the  decision  left  to  you.  You  may  find 
the  decision  hard  to  make  and  wish  your 
instructor  would  make  it  for  you.  This  he 
must  not  do,  for  in  the  future  as  knowledge 
advances  you  must  Ik-  prepared  to  make 
your  own  decisions,  and  this  you  can  learn 
to  do  only  by  beginning.  The  work  of  the 
physician  and  surgeon  calls  for  ability  to 
assume  individual  responsibility  and  make 
quick  decisions  in  matters  of  great  moment. 
You  must  l)egin  doing  this  in  your  training 


period.  If  al!  of  the  fundamental  medical 
sciences  were  fully  understood,  if  disease 
always  manifested  itself  in  a  constant  and 
definite  way,  if  there  were  for  each  ailment 
a  definite  curative  treatment  or  surgical 
procedure,  the  teaching  would  be  easier, 
l)ut  I  doubt  whether  the  subject  would  make 
the  same  appeal  it  now  does  to  the  man  of 
intellectual  courage. 

There  was  a  time  when  men  believed  that 
all  life  processes  were  so  essentially  mys- 
terious, so  inextricably  bound  up  with  the 
"vital"  forces  supposed  to  be  different 
from  those  obtaining  in  the  world  of  non- 
living things  that  any  attempt  to  under- 
stand the  mode  of  operation  of  the  living 
organism  must  be  doomed  to  disappoint- 
ment from  the  beginning.  The  success 
which  attended  Harvey's  investigations  on 
the  circulation  of  the  blood  is  a  brilliant 
example  of  the  fruitfulness  of  common 
sense  and  correct  mechanical  ideas  applied 
to  a  biological  problem.  I  presume  that 
Harvey's  teleological  reasonings  would  pro- 
voke a  smile  nowadays,  but  that  is  largely 
a  habit  of  thought  and  manner  of  expres- 
sion. The  point  to  be  emphasized  is  that 
instead  of  allowing  himself  to  be  awed  into 
inaction  by  the  great  mystery  of  life  he 
proposed  attempting  to  apply  to  one  of  the 
mysteries  the  mechanical  principles  which 
hold  in  non-living  mechanisms — and  he 
found  that  the  plan  worked. 

In  the  early  days  of  chemical  inquiry 
those  substances  which  were  derived  from 
the  life  processes  of  the  plants  and  animals 
were  called  "organic"  chemicals  and  it  was 
believed  that  they  could  be  produced  only 
by  the  activities  of  plant  or  animal  organs. 
To  this  day  we  preserve  a  memorial  of  that 
stage  of  thought  in  that  we  denominate  a 
large  branch  of  chemistry  "Organic  Chem- 
istry." When,  less  than  a  century  ago, 
Woehler  succeeded  in  preparing  from  inor- 
ganic chemicals  urea,  a  substance  hitherto 
known  only  as  a  product  of  animal  metab- 
olism, it  was  realized  that  there  is  no 
necessary  reason  to  assume  other  than  the 
usual  laws  of  chemistry  to  account  for  the 
production  of  certain  at  least  of  the 
chemical  substances  associated  with  life 
processes.  To  enumerate  all  of  the  sub- 
stances which  are  the  natur.Tl  product  of 
plant   or   animal   life   that   have   now  been 


synthesized  by  the  chemist  from  non-living 
materials  would  be  no  inconsiderable  task. 
Johannes  Mueller,  leading  physiologist  of 
the  early  part  of  the  last  century  and 
teacher  of  DuBois-Reymond  and  Helm- 
holtz,  held  the  view  that  it  would  be  im- 
possible to  measure  the  rate  of  transmis- 
sion of  the  nervous  impulse.  He  believed 
the  processes  of  thought  showed  that  trans- 
mission must  be  instantaneous.  A  few 
years  later  his  own  pupil,  Helmholtz,  meas- 
ured the  rate  with  simple  contrivances  and 
showed  that  in  the  sciatic  nerve  of  the 
frog  it  is  not  only  finite,  but  of  the  same 
order  of  m.agnitude  as  the  speed  of  a  not 
very  fast  railroad  train. 

With  the  discovery  of  oxygen  and  its  re- 
lation to  combustion  it  was  not  long  before 
the  suspicion  was  aroused  that  oxidation 
might  have  something  to  do  with  animal 
heat.  The  expired  air  was  found  to  be 
richer  in  carbon  dioxide  and  poorer  in 
oxygen  than  the  inspired.  Men  had  be- 
come familiar  with  the  steam  engine  as  a 
means  of  converting  the  chemical  energy 
of  coal  into  mechanical  work.  Could  it  be 
the  oxidation  of  foodstuffs  or  of  body  sub- 
stances elaborated  from  the  foodstuflfs 
which  furnished  animal  heat  and  caused 
muscular  movements?  I  have  not  time  to 
go  into  the  history  of  this  matter  and  shall 
pass  over  the  fundamental  researches  of 
V'dit  and  Pettenkofer  to  mention  briefly 
the  culmination  of  these  investigations  in 
the  work  of  Atwater  and  Rosa  with  the 
respiration  calorimeter.  These  investigators 
proved  beyond  peradventure  that  the  law 
of  conservation  of  energy  extends  to  the 
animal  body.  They  showed  that  the  burn- 
ing of  a  gram  of  foodstuff  outside  the  body 
yields  precisely  the  same  amount  of  energy 
as  its  slow  oxidation  within  the  body. 

One  might  continue  multiplying  instances 
of  this  kind,  but  those  mentioned  are  suf- 
ficient in  number,  variety  and  importance 
to  illustrate  the  point  I  wish  to  bring  out. 
W'liile  it  has  not  been  proven  that  there 
are  no  special  "vital"  forces,  the  greatest 
progress  in  understanding  the  activities  of 
living  things  has  invariably  resulted  from 
attempts  to  extend  to  the  living  organism 
those  physical  and  chemical  conceptions 
which  have  been  found  true  in  the  non- 
living world.  The  assumption  of  a  mys- 
terious   "vital"   agency   not   subject   to   in- 


vestigatiun  by  the  methods  of  physics  and 
chemistry  tends  I  mm  the  beginning  to 
deaden  thought  and  kill  initiative.  I  have 
no  quarrel  with  the  man  who  feels  that 
such  human  qualities  as  the  sense  of  honor, 
of  altruism,  of  patriotism  are  too  refined 
to  admit  of  explanation  as  conditioned  re- 
flexes. It  is  not  necessary  for  our  purpose 
to  assume  at  the  outset  that  all  life 
processes  are  of  a  mechanistic  nature  con- 
trolled by  the  same  laws  as  those  which 
obtain  in  non-living  matter.  Such  an  as- 
sumption in  the  present  state  of  our  knowl- 
edge would  be  quite  as  difficult  to  defend 
as  the  vitalist  hypothesis.  All  that  seems 
requisite  to  pi:t  the  mind  in  the  proper 
attitude  for  investigation  is  to  determine 
c  -sat  we  shall  endeavor  to  ascertain  how  far 
we  may  explain  and  account  for  the  phe- 
nomena of  life  in  terms  of  the  laws  which 
have  been  found  to  apply  to  physical  and 
chemical  processes  in  the  inanimate  world. 
In  presuming  to  choose  for  the  title  of 
my  address  this  morning  "The  Future  of 
Investigation  in  Biology,"  I  had.  not  the 
temerity  to  think  of  trying  to  predict  what 
the  future  will  or  will  not  bring  in  the 
way  of  particular  results  or  even  how,  pre- 
cisely, the  result  of  increasing  our  biologi- 
cal knowdedge  is  to  be  obtained.  It  is 
rather  my  purpose  to  indicate  in  a  general 
way  what  seems  to  be  requisite  in  order 
that  some  such  fundamental  advance  may 
le  made  in  biology  as  was  that  which  New- 
ton made  in  mechanics  when  he  was  able 
to  prove  the  validity  of  his  extension  of  the 
law  of  falling  bodies  on  the  earth  to  bodies 
throughout  all  space  as  far  as  data  are 
available.  I  presume  everyone  has  heard 
the  story  of  Newton  and  the  apple  which 
fell  on  his  head.  It  is  hardly  necessary 
to  say  that  it  is  apocryphal.  The  true 
history  is  less  well  known  and  as  the  es- 
sentials can  be  given  in  a  few  words  and 
bear  upon  what  follows  I  may  be  pardoned 
for  a  slight  digression.  it  occurred  to 
Newton  that  perhaps  the  attractive  force 
which  causes  bodies  near  the  earth  to 
gravitate  toward  it  might  extend  into 
space  indefinitely  and  if  so  even  as  far  as 
the  moon,  perhaps  accounting  for  her  re- 
tention in  her  orbit.  He  immediately  made 
a  calculation  to  determine  how  far  a  body 
would  fall  in  a  minute  at  the  distance  of 
the  moon  if  its   fall  were  due  to  the  same 


force  wliich  attracts  bodies  at  the  earth's 
surface.  He  found  that  the  distance  per 
minute  would  be  something  over  fifteen 
feet,  whereas  the  actual  deflection  of  the 
moon  from  the  direction  of  the  tangent  to 
her  orbit  was  about  thirteen  feet  per  min- 
ute. I  fear  many  of  us  would  liave  re- 
garded that  as  a  rather  close  approximation, 
but  Newton  found  it  so  unsatisfactory  that 
he  at  once  abandoned  the  theory.  Thirteen 
years  later  he  was  again  led  to  consider  this 
theory  and  became  aware  of  a  better  de- 
termination of  the  value  of  the  earth's 
mean  radius  which  had  been  made  since 
his  first  calculation.  The  value  he  had  used 
in  1666  had  led  'u  a  wrong  estimate  of  the 
moon's  distance.  With  the  new  value  he 
obtained  a  correspondence  between  theory 
and  measurement  which  proved  satisfactory 
to  him.  So  satisfactory  has  it  since  proved 
that  with  ever  increasing  accuracy  of  ob- 
servation and  with  data  available  not  alone 
from  our  own  solar  system  but  from  dis- 
tant double  stars,  Newton's  generalization 
is  found  to  fit  the  facts.  Only  within 
recent  years  and  in  the  fields  of  light  and 
electricity  have  facts  been  observed  which 
seem  to  require  some  slight  mo<lification 
of  the  Newtonian  mechanical  conceptions. 
Biology  today  is  in  something  like  the 
state  in  which  mechanics  and  astronomy 
were  in  the  days  of  Hipparchus  or  PtoKmy. 
We  are  living  in  the  age  of  the  epicycles. 
Our  greatest  need  is  for  some  generaliza- 
tion which  will  reduce  to  order  the  tre- 
mendous chaos  of  observations  we  now 
have  l)efore  us.  The  material  from  which 
the  generalization  must  come  is  the  lx)dy 
of  observed  facts.  To  be  able  to  generalize 
from  these  facts,  however,  it  is  neces.sary 
that  someone  shall  be  familiar  with  all  the 
different  types  of  observational  data  whicii 
may  reveal  something  essential  to  tlu-  gen- 
eralizatit)n.  It  will  also  be  essential  tiiat 
we  have  a  fair  general  knowledge  of  the 
basic  principles  of  chemistry  and  physics 
and  some  facility  in  av>plied  mathematics. 
.-Xt  first  sight  this  would  seem  to  re(|uire 
an  incredible  amount  of  preparation.  Prob- 
ably it  would  in  the  present  state  of  bio- 
logical science.  No  great  advance  is  ever 
made  by  the  unaided  effort  of  one  man. 
Many  contributed  their  share  Ix'fore  New- 
ton was  able  to  take  the  step  he  did.  Many 
have  cniitriliu'i'l  .ilrculv  to  I)inlnk;v.  but  the 


kind  of  contribution  we  need  now  is  a  sum- 
marizing of  the  data.  We  are  all  of  us  at 
present  too  close  to  the  great  mass  of  de- 
tailed observation  to  see  its  broader  impli- 
cations. We  need  not  waste  time  regretting 
this.  The  work  which  has  been  done  had 
to  be  done,  or  at  least  much  of  it  had  to 
be  done  and  possibly  much  more  of  the 
same  type  of  work  will  still  have  to  be  done 
before  biology  is  ready  for  a  simplifying 
generalization.  The  broader  view  which  is 
denied  to  us  will  be  the  heritage  of  our  suc- 
cessors. They  cannot,  must  not  spend 
their  time  delving  into  the  great  mass  of 
details.  Gradually,  through  the  efforts  of 
many  workers  the  more  essential  phenom- 
ena will  be  separated  from  the  incidental 
so  that  it  will  be  possible  for  one  individual 
to  survey  the  field  without  devoting  so 
much  of  his  lifetime  to  the  task  as  to  leave 
no  opportunity  for  that  familiarity  with 
the  related  sciences  which  is  requisite  be- 
fore a  generalization  can  be  made.  Mean- 
while we  should  do  our  best  to  secure 
reliable  data  so  that  the  '"Newton  of  Biol- 
ogy," to  use  Cuvier's  expression,  may  not 
be  baffled  in  his  work  as  Newton  was  by 
attempting  to  use  inaccurate  information. 
I  believe  that  one  of  the  most  urgent  needs 
in  biological  work  today  is  a  study  of  this 
very  matter  of  the  reliability  of  conclu- 
sions drawn  from  biological  experimenta- 
tion. 

In  so  far  as  biological  phenomena  rest 
on  a  physical  or  chemical  basis,  we  may 
hope  for  assistance  from  the  advances 
made  in  these  sister  sciences.  We  do  not 
know  what  day  an  important  discovery  or 
generalization  in  chemistry  or  physics  may 
permit  the  coordination  and  understanding 
of  many  seemingly  unrelated  biological 
phenomena.  If  we  could  learn  to  express 
our  biological  facts  without  the  use  of 
quite  so  much  special  terminology,  it  is 
even  conceivable  that  men  in  other  fields  of 
science  might  contribute  to  its  theoretical 
handling.  I  think  we  might  well  give 
attention  to  this  matter  of  unnecessary 
technical  terminology. 

We  may  perhaps  draw  a  lesson  from  one 
of    the    features    which    has    characterized 


the  development  of  chemistry  in  recent 
j'ears.  Although  scientific  chemistry  dates 
from  the  introduction  of  quantitative  meth- 
ods, the  application  of  mathematical  anal- 
ysis with  a  view  to  pushing  chemical 
knowledge  beyond  the  bounds  of  obser- 
vation is  comparatively  recenj.  Thirty 
years  ago  chemistry  might  have  been  de- 
scribed as  a  non-mathematical  science.  To 
the  man  who  has  not  at  least  an  elementary 
knowledge  of  mathematical  analysis  mod- 
ern chemistry  is  a  closed  book.  In  fact 
the  application  of  mathem.atical  methods 
promises  to  do  as  much  for  chemistry  as 
it  has  done  for  physics.  In  most  branches 
of  biological  work  it  is  difficult  at  present 
to  secure  quantitative  accuracy  comparable 
with  that  attained  by  the  pure  chemist  or 
physicist.  Gradually  as  our  methods  im- 
prove it  should  be  possible  to  investigate 
our  results  under  the  microscope  of  mathe- 
matical analysis.  When  this  can  be  done 
we  may  begin  to  hope  for  the  long-awaited 
generalization  which  is  to  bring  order  out 
of  chaos,  reduce  the  size  of  our  volumes 
and  give  us  time  for  a  broader  outlook. 

What  should  be  the  preparation  of  the 
biologist  of  the  future?  I  can  attempt  to 
answer  this  question  only  in  general  terms. 
Medicine,  in  its  practical  aspects,  is  applied 
biology,  and  the  preparation  for  its  study 
will  depend  on  the  character  of  the  biology 
of  the  time.  It  must  of  necessity  be 
along  rather  definitely  p^rescribed  lines. 
For  the  student  of  pure  biology  or  for 
tlie  medical  student  who  determines  for 
the  first  time  that  he  is  to  devote  his  life 
to  investigation  and  teaching  rather  than 
to  practise  more  latitude  might  be  allowed. 
It  seems  to  me  most  desirable  that  there 
should  come  into  the  biological  sciences  men 
of  widel}^  dififerent  training.  There  should 
be  some  who  are  trained  as  chemists, 
others  trained  as  physicists  wnth  the  usual 
mathematical  equipment  of  the  physicist. 
Still  others  should  probably  have  much  the 
type  of  training  which  most  of  our  pres- 
ent da}-  biologists  have  had,  with  perhaps 
somewhat  more  emphasis  on  precise  quan- 
titative methods. 
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The  methods  used  thus  far  for  the  purification  of  insulin  may  be  di- 
vided into  two  classes;  fractional  precipitation  of  the  protein-like  sub- 
stances by  regulation  of  the  hydrogen  ion  concentration,  and  precipita- 
tion by  various  reagents.  Among  the  first  type  may  be  noted  the 
methods  of  Doisy,  Somogj'i  and  Shaffer  (1923),  (1924),  and  among  the 
second,  those  of  CoUip  (1924),  Dudley  (1923),  Dudley  and  Starhng  (1924) 
Moloney  and  Findlay  (1923),  Best  and  Scott  (1923),  Shonle  and  Waldo 
(1924),  and  N.  B.  Fischer  (1923).  The  only  departure  from  cither  of 
the  above  methods  is  the  meager  and  rather  incomplete  work  of  I^cke 
and  Hirsch  (1924a),  (1924b)  on  electrodialysis. 

In  this  investigation  the  purpose  was  to  find  a  method  for  separating 
or  concentrating  the  active  constituent  in  insulin  solutions  that  would 
avoid  the  addition  of  precipitants,  absorbants  and  buffers  now  commonly 
used.  It  was  the  aim  of  the  authors  to  obtain  the  active  material  simply 
and  quickly  in  sufficient  purity  for  chemical  investigation. 

Successful  appHcation  of  ultrafiltration  through  graded  membranes, 
and  of  methods  of  electrophoresis  and  electrodialysis  to  the  separation  of 
amyloses  in  starch  were  lately  carried  on  in  this  laboratory'  (Taylor  and 
Iddles.  Dissertation,  Columbia,  1925).  These  methods  suggested  them- 
selves in  attempting  to  purify  insulin  solutions. 

Although  the  use  of  the  first  method  did  not  give  the  desired  result  in 
the  way  of  purification,  nevertheless  it  did  bring  out  some  interesting 
properties  of  insuUn.  For  this  reason  the  technique  has  ix^en  given  in 
some  detail.  On  the  other  hand,  the  second  method  lent  itself  nicclv 
to  concentration  of  the  physiologically  active  substance. 

Experimental  w^ork.  A.  The  iiUrafiUration  of  vmdni  soLutwns 
through  collodion  membranes  of  varying  permeahility.     The  insulin'  solu- 

1  The  authors  wish  to  express  their  thanks  to  Dr.  G.  H.  A.  Clowes,  thp"-''  "  l»ose 
courtesy  the  Eli  Lilly  Company  supplied  insulin  for  this  investigation. 
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tions  used  were  the  clinical  U-20  iletin  (Insulin-Lilly)  (1923).  An  ap- 
paratus, employing  membranes,  made  and  graded  according  to  Nelson 
and  Morgan  (1923-24),  served  to  give  all  the  data  herein  recorded.  The 
plates,  on  which  the  membranes  were  made,  were  floated  on  mercury  to 
insure  perfect  leveling,  the  only  departure  from  the  Nelson  and  Morgan 
technique. 

The  ultrafiltration  unit  consisted  of  the  parts,  shown  assembled  and 
correspondingly  lettered  in  figure  1. 


Nitrogen  Changes  During  Ultrafiltration 
OF  Insulin  Solutions 
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Fig.  2 


Fig.  \.  A^  Gooch  funnel  serving  as  an  insulin  compartment;  B,  Gooch  funnel 
serving  as  the  lower  half  of  the  ultra-filter;  C,  a  receiving  vessel  for  the  filtrate;  M, 
a  permeable  membrane ;  G,  a  nichrome  gauze  to  support  the  membrane  and  prevent 
its  rupture  during  filtration;  £'£",  elastic  bands  to  hold  the  upper  and  lower  funnels 
rigid;  UW ,  wooden  collars,  fitted  on  the  funnels,  over  which  the  bands  EE'  were 
stretched;  FF'  felt  buffers  to  prevent  fracture  of  the  glass  due  to  the  pressure  exerted 
b}-  the  bands,  EE' . 

A  tight  seal  between  the  upper  and  lower  funnels,  and  the  membrane 
was  effected  by  means  of  a  rubber-parafhn  cement. 

When  the  apparatus  had  been  tested  and  found  to  be  leak-proof,  an 
insulin  solution,  usually  15  cc,  was  placed  in  the  upper  part  A,  and  a 
receiving  vessel  was  placed  in  position  C.  Air,  freed  from  carbon  dioxide 
by  passage  through  soda  li  r.e,  and  kept  under  a  constant  pressure  of  60 
cm.  of  water  by  means  of  a  manostat,  was  then  applied  to  the  upper  part 
of  the  apparatus  and  the  preliminary  filtration  was  begun.  WTien  the 
filtrate  gave  a  distinct  precipitate  with  phosphotungstic  acid,  the  filtra- 
tion was  stopped. 


ULTRAFILTRATION    AXD    ELECTRODIALY.SIS    OF    INSII.IV  .jl  1 

The  necessity  for  this  preliminary  filtration  and  test  with  phosplio- 
tungstic  acid  became  apparent  from  some  introductorv'  experiments  on 
ultrafiltration.  These  showed  that  before  any  conclusions  could  be 
drawn  regarding  the  permeability  of  collodion  membranes  to  insulin  as 
measured  by  the  physiological  activity  of  the  filtrates,  it  was  essential 
first  to  saturate  the  membranes  to  be  used  with  insulin.  This  was  ac- 
complished best  by  the  preliminary  filtration.  The  saturation  of  the 
membrane  could  be  determined  easily  by  the  formation  of  a  white 
precipitate  when  a  solution  of  phosphotungstic  acid  (Sherman.  1912) 
was  added  to  the  filtrate.  The  absence  of  a  phosphotungstic  acid  pre- 
cipitate indicated  that  no  active  principle  had  passed  into  the  filtrate, 
usually  because  the  membrane  had  not  become  saturated.  The  proof 
that  a  filtrate  giving  no  precipitate  with  phosphotungstic  acid  is  phy.'^io- 
logically  inactive  is  shown  by  the  following  experiment:  -  ' 

Five  cubic  centuneters  of  clinical  U-20  insulin  were  ultrafiltered  through 
a  grade  15.7  membrane,  which  had  not  been  saturated  previously  by  a 
preliminan,'  filtration.  The  filtrate  gave  no  precipitate  with  i)liosj)ho- 
tungstic  acid  while  the  control  sample  gave  a  copious  one  under  the  same 
treatment.  Samples  of  filtrate  and  control  were  tested  biologically  for 
blood  sugar  reducing  properties. 

The  physiological  activity  in  these  samples  and  in  all  samjiles  men- 
tioned in  subsequent  work  was  tested  out  on  rabbits  weighing  aI)Out  2 
kilos.  The  standard  injection  per  animal  per  kilo  of  body  weight  was  one 
physiological  insulin  unit,  which  has  been  defined  by  the  Toronto  Insulin 
Committee  (1923)  as,  "one-third  of  the  amount  rcciuired  to  lower  the 
blood  sugar  below  0.045  per  cent  and  cause  con^•ulsions  in  a  ral)bit  weigii- 
ing  2  Idlograms,  which  has  been  previously  starved  for  24  hours,  within 
2  to  5  hours  after  injection."  Three  samples  of  blood  were  drawn  from 
each  animal,  an  initial  sample,  one  f  hour  after  injection,  and  ono  Ij 
hours  after  injection.  The  sugar  in  each  sample  was  (luanlilativcly 
determined  by  the  Shaffer  and  Hartmann  (1921)  method. 

The  results  of  these  physiological  tests  on  the  filtrate  and  control 
sample  are  given  in  table  1. 

From  the  above  data,  it  can  be  seen  readily  that  the  filtrati^  which 
gave  no  precipitate  with  phosphotungstic  acid,  was  totally  inactive, 
while  the  control,  which  gave  a  copious  precipitate  was  active. 

7.  Effect  of  ultrafiltration  on  physiological  actirity.  In  all  subso(Hient 
experiments,  the  membranes  were  saturated  with  insulin  by  a  iircliminary 
filtration,  and  then  washed  three  times  with  10  cc.  of  di.'^lilled  water. 
A  fresh  insulin  solution  then  was  placed  in  part  .1,  a  clean  rcc.^  MM_r 
vessel  at  C,  and  the  regular  filtration  was  begun. 

^Yhen  about  one-half  of  the  insuUn  solution  had  passed  througii  ihc 
through  the  membrane,   the  filtration  was  stopped.     Samples..'"  .w..,!.,,!. 
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filtrate  and  remainder  on  the  membrane,  were  tested  for  physiolo^^ical 
activity  as  described  above. 

This  experiment  was  repeated  for  several  membranes  of  varj-ing  grades 
of  permeability  with  the  hope  of  obtaining  some  fractionation  of  the 
active  from  the  inactive  material,  as  would  be  evidenced  by  increased 
activity  of  the  solution  above  or  below  the  membrane.  Table  2  gives 
the  results  obtamed. 

From  the  above  data,  which  represent  averages  of  series  of  animal 
results  on  each  sample  tested,  it  is  seen  that  within  the  experimental 
error,  the  average  sugar  drop  per  unit  injected  is  the  same  for  the  control, 
filtrate  and  remaining  solution.  It  may  be  concluded,  then,  that  the 
active  principle  of  insulin  preparations  can  be  ultrafiltered  through  col- 
lodion membranes  of  vaiying  permeabUity  without  loss  of  physiological 
activity,  and  further,  that  no  apparent  fractionation  takes  place,  during, 
the  ultrafiltration. 

II.  Nitrogen  changes  during  ultrafiltration  of  insulin  solutiom.  The 
practicability  of  ultrafiltration  of  insulin  solutions  through  graded  mem- 
branes without  loss  of  phj^siological  activity  having  been  shown,  it  was 
decided  next  to  study  the  nitrogen  content  of  the  filtrate,  with  the  view 
of  ascertaining  whether  nitrogen  could  be  removed  from  insulin  by  ultra- 
filtration without  impairing  its  activity.  This  could  l)c  accomplished 
best,  by  collecting  fractions  of  the  filtrate  and  determining  the  nitrogen 
content  and  physiological  activity  in  each. 

The  ultrafiltration  apparatus  and  membrane  technique  used  was  the 
same  as  described  in  the  previous  section,  with  the  exception  that  each 
successive  five  cubic  centimeters  of  filtrate  were  collected  in  separate 
vessels,  and  the  membrane  was  not  saturated  previously.  The  nitrogen 
content  in  each  fraction  was  then  quantitatively  determined  by  tiio 
micro-Kjeldahl  technique  of  Pregl  (1923),  and  each  fraction  was  tested  for 
precipitation  wdth  phosphotungstic  acid.  This  was  done  prior  to  testing 
the  fraction  for  physiological  activity,  because  as  has  been  mentioned 
previously,  the  absence  of  a  phosphotungstic  acid  precipitate  indicates 
the  absence  of  activity  in  the  filtrate. 

Several  fractional  ultrafiltration  experiments  were  carried  out  with 
membranes  of  different  degrees  of  permeabihty  ranging  from  2.0  to  12.0, 
(graded  according  to  Nelson  and  Morgan  (1923-24))  and  with  insulin 
solutions  on  both  the  acid  and  alkahne  sides  of  pll  =  4.8  (the  recordcil 
isoelectric  point  of  insulin  (Council  on  Pharmacy  and  Chemist r\-  1923)). 
The  results  obtained  in  all  these  investigations  are  shown  by  the  detailed 
data  from  two  experiments,  both  on  the  same  gratle  membranes,  but  on 
different  sides  of  the  isoelectric  point.  Concurrently^  a  colorimetric  de- 
termination of  the  hydrogen  ion  (Clark,  1924)  concentration  on  each 
fraction  was  made.  The  data  obtained  have  been  recorded  in  table  3 
and  are  shown  graphically  in  figures  2  and  3. 
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From  the  above  results  it  is  apparent  that  a  low  nitrogen  content  of 
the  filtrate,  probably  caused  by  loss  in  saturating  the  membrane  is 
accompanied  by  an  equivalent  drop  in  physiological  activity 

Since  collodion  membranes  removed  hydrogen  ion  from  solutions 
(Bethe  and  Toropoff,  1914,  1915),  it  is  to  be  expected,  that  the  insulin 
solution  above  the  membrane  should  become  progressively  more  alkaline 
as  the  ultrafiltration  continues.  .\s  soon  as  a  pH  of  about  4.8  was  reached 
precipitation  of  insuhn  started.  On  the  alkahne  side  of  the  isoelectric 
pomt,  this  change  in  hydrogen  ion  did  not  take  place  and  the  precipitation 
of  msuHn  on  the  membrane  was  avoided. 


PH  CHANGES  During  Ultrafiltration 
OF  Insulin  Solutions 
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Fig.  3 

Fig.  4.  A,  an  insulin  compartment  filled  with  about  25  cc.  of  U-20  insulin  (Lillv^ ; 
BC,  electrode  compartments  filled  with  20  cc.  of  distilled  water;  EE\  the  platiniim 
electrodes;  MM' ,  impermeable  membranes. 

B.  The  electrodl^lysis  of  insulin  solutions.  /.  The  formation 
of  an  active  sediment  by  electrodialysis  of  insulin  solutions.  The  inacti\-a- 
tion  of  insulin  by  both  oxidation  and  reduction  (Shonle  and  Waldo,  1923), 
demanded  the  use  of  a  special  type  of  electrolytic  cell  for  the  investiga- 
tion of  the  behavior  of  the  active  principle  when  subjected  to  electrodia- 
lysis. Tlie  essential  feature  in  the  design  of  the  cell  must  be,  therefore, 
complete  removal  of  the  electrodes  from  the  insulin  solution  undergoing 
electrodialysis.  This  would  help  prevent  oxidation  or  reduction  of  the 
active  piinciple  by  any  secondaiy  products  of  the  electrolysis,  formed 
at  the  electrodes. 

The  electrolytic  cell:  The  cell  finally  adopted  and  used  in  all  expf-ri- 
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ments  on  electrodialysis,  was  composed  of  the  parts  shown  assembled 
and  correspondingly  lettered  in  figure  4. 

The  insulin  compartment,  A,  and  electrode  compartment,  C,  were 
sealed  off  by  means  of  collodion  membranes,  MM',  made  in  such  a  manner 
as  to  render  them  impermeable  to  the  active  principle  but  permeable 
to  electrolytes  during  the  electrodialysis. 

The  elect odiahj sis  membranes:  The  membranes,  MM'  mentioned  above, 
were  prepared  by  the  following  method.  The  end  of  the  cell  unit  upon 
which  the  membrane  was  to  be  made,  was  covered  with  a  tightly  stretched 
piece  of  cheese-cloth,  (shown  as  dotted  lines  in  fig.  4)  which  served  as  a 
framework  for  the  membrane.  The  covered  end  of  the  unit  was  then 
dipped  into  a  fairly  pure  collodion  solution  (Merk's  collodion),  removed, 
and  revolved  for  ten  minutes.  At  the  end  of  this  time  all  of  the  ether 
and  most  of  the  alcohol  had  evaporated,  leaving  on  the  cloth  gauze  a 
rather  impermeable  membrane.  This  was  repeated  three  times,  thereb}' 
insuring  against  leaks,  and  giving  a  very  impermeable  membrane.  These 
membranes  then  were  soaked  in  distilled  water  for  at  least  five  hours 
before  being  used.  They  did  not  "blush"  in  contact  with  water  but 
remained   perfectly   transparent. 

The  electrodialysis  technique:  WTien  the  cell  had  been  set  up  as  shown 
in  figure  4,  the  insulin  solution-  to  be  electrodialysed  was  placed  in  com- 
partment A,  the  proper  volume  (20  cc.)  of  distilled  water  in  compart- 
ments B  and  C,  and  the  current  turned  on.  A  potential  of  100  volts 
was  applied  between  .t  and  y  by  means  of  direct  current  from  the  fighting 
service,  passing  through  suitable  resistance.  With  this  drop  in  potential 
across  x  and  y,  a  current  of  5  milUamperes  flowed  through  the  cell  at  the 
outset.  In  all  subsequent  experiments  the  polarity  of  the  ceU,  unless 
otherwise  stated,  was  that  shown  in  figure  4,  with  C  the  anode  and  B  the 
cathode  compartment. 

Current  was  passed  for  any  desired  period  of  time.  The  circuit  was 
then  broken,  compartment  A  was  disengaged  from  the  cell,  and  the  liquid 
decanted  from  the  sediment  which  had  been  formed  on  the  membrane  M 
during  the  electrodialysis. 

The  sediment  was  washed  into  a  small  Biichner  funnel  with  absolute 
methyl  alcohol.  The  residue  on  the  filter  was  washed  several  times  vAih. 
absolute  alcohol  and  finally  with  absolute  ether.  This  last  treatment  is 
not  absolutely  essential,  but  it  produces  an  almost  white  sediment  instead 
of  a  dark  brown  one  and  materially  increases  the  ease  mth  which  the 
substance  can  be  removed  from  the  paper.  The  sedmient  was  removed 
from  the  filter  and  dried  in  vacuo  at  30°C.  to  constant  weight. 

2  More  concentrated  solutions  of  insulin  were  diluted  until  they  were  equivalent  to 
U20  (Lilly).  This  contains  approximately  2  mgm.  solids  per  cubic  centimeter  of 
which  from  the  present  work  about  1  mgm.  appears  to  be  physiologically  active. 
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Since  insulin  is  reported  to  become  inactivated  when  lioated  above 
30°C.  (Best  and  Macleod,  1923;  Doisy,  Somogyi  and  Shaflfer  1923;  Dud- 
ley 1924;  Murlin,  Piper  and  Allen,  1923)  none  of  the  samples  was  heated 
higher  than  that  temperature.  All  subsequent  data  are  reported  on 
constant  weight  at  30°C.  in  vacuo. 

//.  The  physiological  activity  of  the  sediment.  The  physiological  activ- 
ity of  the  sediment  produced  by  the  electrodialysis  of  insulin  solutions 
was  tested,  in  order  to  determine  the  effect  of  the  electric  current  on  the 
potency  of  the  active  principle. 

The  dried  sediment  was  weighed  out  in  2  to  2.5  mgm.  samples,  and 
dissolved  in  such  a  volume  of  physiological  salt  solution  (0.9  per  cent 
sodium  chloride  solution)  acidified  with  4  drops  of  n/10  hydrochloric  acid 
per  2  cc.  of  solution,  as  would  give  a  concentration  of  1  mgm.  per  culjic 
centimeter.  Then  |  cc.  of  this  solution  was  diluted  to  10  cc.  with  phy- 
siological salt  solution,  giving  a  final  concentration  of  0.05  mgm.  per  cubic 
centimeter  of  solution.  The  standard  injection  was  1  cc.  of  this  diluted 
solution  or  0.05  mgm.  per  kilo  of  body  w^eight.  Control  samples  were 
made  up  in  exactly  the  same  manner  to  contain  about  0.1  mgm.  per 
cubic  centimeter  of  final  solution,  and  were  injected  at  about  0.1  mgm. 
per  kilo  of  body  weight.  The  animal  technique  and  blood  sugar  deter- 
minations were  carried  out  as  described  under  ultrafiltration.  Several 
samples  of  sediment  prepared  from  different  batches  of  insulin,  together 
with  adequate  controls,  were  tested  for  physiological  activiity  as  descrilxMl, 
and  the  results  obtained  have  been  recorded  in  table  4. 

From  the  data  given  in  table  4,  it  can  be  seen  that  the  average  blood 
sugar  drop  for  |  hour  and  If  hours  after  mjection,  on  7  control  samples, 
was  61  and  67,  while  the  average  on  10  comparable  sediment  samples 
for  the  same  periods  of  time,  was  66  and  68  mgm.  per  100  cc.  of  blood. 
The  average  activities  were  about  equal.  From  table  4  it  also  will  be 
noted  that  the  unit  weight  of  solid  material  injected  per  kilo  was  not 
equal  for  the  control  and  sediment  samples,  the  latter  being  only  0.05 
mgm.  as  compared  to  0.1  mgm.  of  the  former,  or  one-half  as  much.  Since 
half  the  unit  weight  of  sediment  produces  about  the  same  lowering  of 
blood  sugar  in  the  experimental  annuals,  as  a  whole  unit  weight  of  original 
insulin,  it  has  been  concluded  that  the  sediment  produced  by  the  elec- 
trodialysis of  insulin  solutions  is  apparently  twice  as  active,  physiolog- 
ically, as  the  original  material.  As  will  be  shown  later,  these  results 
take  into  consideration  the  experimental  errors. 

III.  The  physiological  activity  of  the  filtrate.  The  greater  activity  of 
the  sediment  could  be  explained  best  by  assuming  tiiat  some  relatively 
inactive  substance  was  being  removed  from  the  active  material  during  the 
electrolysis  of  insuKn  solutions,  or  in  other  words,  the  original  material 
was  being  fractionated  in  some  way  into  two  substances,  one  of  high  activ- 
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ity,  and  one  of  low  activity.  The  validity  of  this  assumption  could  be 
shown  by  the  isolation  of  a  relatively  inactive  product  from  the  filtrate 
remaining  after  the  removal  of  the  active  sedmient. 

This  was  attempted,  and  an  organic  substance  showing  Uttlc  physio- 
logical activity  was  obtained  from  the  filtrate  by  two  different  procedures. 
These  consisted  of  a,  evaporation  of  the  clear  filtrate  from  the  electrodia- 
lysis  to  constant  weight  at  30°C.  in  vacuo;  and  b,  adjustment  of  the  pH 
to  4.8,  filtration  of  the  precipitate  formed  and  drying  the  latter  in  vacuo 
as  usual.  Method  a  gave  a  substance  which  showed  greater  activity 
than  the  material  produced  by  b  as  can  be  seen  from  the  physiological 
results  on  filtrate  samples  recorded  in  table  5. 

The  average  drop  of  sugar  per  100  cc  of  blood  for  the  six  filtrates  was 
28  and  15,  as  compared  to  66  and  68  mgm.  for  the  precipitates  (table  4) 
for  the  same  time  intervals  after  injection,  thereby  showing  that  the 
physiological  acti\aty  of  the  organic  substance  remaining  in  the  filtrate 
after  removal  of  the  active  material  is  less  than  half  that  of  the  sediment. 
Even  though  these  figures  do  not  represent  an  absolute  cleavage  of  the 
original  insulin  into  an  active  and  inactive  substance,  which  would  be  a 
veiy  difficult  accomplishment  as  sho^\Ti  by  some  of  the  work  presented 
in  following  sections,  nevertheless  they  do  indicate  that  the  production 
by  electrodialysis  of  a  substance  of  increased  acti\'ity  is  due  to  fractiona- 
tion of  the  original  material. 

IV.  The  deposition  of  the  active  sediment.  The  deposition  of  an  active 
sediment  during  the  electrodialysis  of  insulin  solutions  had  been  cstab- 
Hshed,  so  far,  but  no  change  either  of  the  polarity  of  the  cell  or  of  the 
initial  pH  of  the  solution  had  been  attempted.  It  was  of  interest  to 
investigate  both  of  these  changes  from  the  point  of  view  of  determining 
whether  the  active  material  always  deposited  at  the  same  electrode,  or 
migrated  in  different  directions,  depending  on  the  hydrogen  ion  concen- 
tration of  the  solution. 

The  usual  electrodialysis  was  carried  out  with  the  polarity  of  tlie  cell 
arranged  so  that  the  lower  membrane  was  the  cathode,  and  with  the  j)!! 
of  the  solution  about  3.7,  the  acid  side  of  the  isoelectric  point.  .\s  has 
been  stated,  under  these  conditions,  the  sedunent  was  always  deposited 
at  the  lower  or  cathodic  membrane.  Under  such  experimental  condi- 
tions, the  cathodic  deposition  of  the  active  material  left  two  points  open 
for  discussion,  namely,  was  the  deposition  on  the  cathodic  mcmlirane 
due  to  distinct  cathode  migration,  or  was  it  due  to  the  material  being 
drawn  down  to  the  lower  membrane,  which  happened  to  be  the  catliodc, 
merel}^  by  the  force  of  gravitation. 

In  order  to  settle  these  points,  experiments  were  performed  witli  the 
initial  pH  of  the  solution  at  3.7,  but  with  the  cell  polarity  reversed,  thus 
making  the  lower  membrane  the  anode,  and  the  upper  one  the  cathode. 
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Under  these  conditions,  the  active  material  ahvays  migrated  to  the  upixT 
membrane  against  the  force  of  gravity  showing  that  when  insulin  solu- 
tions on  the  acid  side  of  the  isoelectric  point  were  subjected  to  electro- 
dialysis  the  cathodic  deposition  of  active  sediment  was  not  due  to 
gravitation,  but  was  caused  by  a  distinct  cathodic  migration  of  material 
carrying  the  activity. 

The  next  point  to  be  investigated  was,  obviously,  the  effect  of  changing 
the  pH  of  the  insuUn  solution  from  the  acid  to  the  alkaline  side  of  the 
isoelectric  point  on  the  direction  of  migration  of  the  active  material. 
Experiments  were  performed  with  the  pH  of  the  insulin  solutions  ad- 
justed to  about  9.0  and  kept  on  the  alkaline  side  of  the  isoelectric 
point  (pH  =  4.8)  by  the  continuous  addition  of  dilute  caustic  soda  solu- 
tion. In  all  the  expermients  the  deposition  took  place  at  the  anodic, 
instead  of  at  the  cathodic  membrane.  Thus  it  has  been  sho\Mi  that  the- 
deposition  of  an  active  sediment  during  electrodialysis  of  insulin  solu- 
tions is  caused  by  a  definite  migration  of  a  material  carrying  the  activity, 
and  that  the  direction  of  migration  is  dependent  upon  the  hydrogen  ion 
concentration  of  the  solution  undergoing  electrodialysis. 

V.  Deposition  of  the  active  sediment  at  a  definite  pH.  In  the  preliminary 
experiments  on  the  electrodialysis  of  insulin  solutions,  it  had  been  ol> 
served  that  the  pH  of  the  solution  changed  as  the  electrodialysis  pro- 
gressed, as  was  to  be  expected,  since  the  process  combined  dialysis  with 
electrolysis.  It  was  decided  to  study  these  pH  changes  more  thoroughly 
with  the  idea  of  gaining  perhaps  more  insight  into  the  nature  of  the  ]iroc- 
ess  which  was  causing  the  formation  of  the  active  sediment. 

It  has  been  shown  in  the  previous  section  that  the  deposition  of  a 
sediment  during  electrodialysis  of  insulin  solutions  occurs  on  both  the 
acid  and  alkaline  side  of  the  isoelectric  point  (pH  =  4.8).  The  oxiicri- 
mental  difficulties  involved  in  maintaining  an  alkaline  solution  during 
the  electrodialysis,  and  more  important,  the  rapid  inactivation  of  insulin 
in  alkaline  solutions  (Dudley,  1923;  Shonlc  and  Waldo,  1921)  made  it 
impossible  to  study  the  pH  changes  on  the  alkaline  side  of  the  isoelectric 
point.  Therefore,  only  the  pH  changes  on  the  acid  side  liave  liecn  in- 
vestigated. 

The  technique  employed  for  the  study  of  the  i)II  changi^s  (lining  flec- 
trodialysis  was  of  a  type  which  not  only  followed  every  change  in  pi  I. 
but  also  determined  the  constancy  of  pH  in  different  parts  of  the  solu- 
tion. The  twofold  result  was  accompUshed  by  means  of  two  cai>illary 
pipettes,  one  placed  at  the  very  bottom,  and  the  other  at  the  very  to]) 
of  the  solution  in  the  cell.  By  using  a  "Y"  tube  connection  between  the 
two  capillary  pipettes,  it  was  possible  to  draw  off  liquid  simultaneously 
from  the  very  top  and  veiy  bottom  of  the  solution  in  the  cell,  (hus  mini- 
mizing the  possibihty  of  a  change  in  pH  by  diffusion  during  the  removal 
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of  the  samples.  The  pH  of  the  top  and  bottom  samples  and  also  of  the 
mixed  solution  was  determined  at  different  time  intervals  over  a  period 
of  24  hours  by  the  colorimetric  procedure  pre^dously  referred  to.  The 
results  obtained  in  three  experiments  on  clinical  U-20  insulin  have  been 
averaged,  and  are  recorded  in  part  A  of  table  6. 

From  these  results  it  can  be  seen  that  when  an  insulin  solution  with 
an  initial  pH  of  3.7  is  subjected  to  electro  dialysis  there  is  a  distinct  drop 
of  pH  during  the  first  part  of  the  process,  followed  by  a  progressive  in- 
crease in  pH,  and  further,  that  these  pH  changes  are  the  same  in  all  parts 
of  the  cell  within  the  experimental  error  of  the  pH  determinations.     It  is 
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Fig.  5.     pH  changes  during  electrodialj-sis  of  insulin  solutions 


to  be  noted  also,  that  accompanying  the  drop  in  pH  of  the  solution  is  the 
deposition  of  all  the  weighable  amount  of  active  sediment.  Further- 
more, turbidity,  followed  by  the  formation  of  a  boundary  which  very 
gradually  settles  dowTi  to  the  lower  membrane,  begins  at  a  pH  of  about 
4.7  to  4.8,  or  within  the  isoelectric  range  of  the  original  insulm  solution. 

In  order  to  determine  whether  these  particular  pH  changes  were  specific 
for  insulin  solutions  wdth  an  initial  pH  of  3.7,  experknents  were  performed 
on  solutions  having  a  starting  pH  other  than  3.7.  Since  the  experunents 
recorded  in  part  A  of  table  6  showed  that  the  pH  was  constant  through- 
out the  entu-e  cell,  only  the  pH  of  the  mixed  solution  was  determined  in 
the  work  which  is  about  to  be  described. 
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APPEARANCE 
OF  SOLUTION 


WEIGHT  OF 
SEDIMENT 
DEPOSITED 


DETERMINBD  pil   OF  SOLUTION 


At  top  of  cell 


Part  A 


Part  B 


Part  C 


On  mixed 
solution 


At  bottom 
of  cell 


Start 

Clear 

3.7 

3.7 

- 

§  hour 

Clear 

8.3  mgm. 

3.6 

3.6 

3.6 

1  hour 

Clear 

Not  weighable 

3.6 

3.6 

3.6 

I5  hours 

Clear 

3.7 

3.7 

3.7 

2  hours 

Clear 

3.9 

3.8 

3.8 

2§  hours 

Turbid 

4.7 

4.7 

4.7 

3  hours 

Turbid 

5  hours 

Turbid 

4.9 

4.9 

4.9 

7-i-  hours 

Turbid 

4.9 

4.9 

4.9 

10  hours 

Turbid 

5.0 

5.0 

5.0     . 

24  hours 

Clear 

5.1 

5.1 

5.1 

Start 

Clear 

2.0 

1  hour 

Clear 

2.0 

1  hour 

Clear 

2.0 

H  hours 

Clear 

2.1 

2  hours 

Clear 

2.2 

2^  hours 

Clear 

2.3 

3  hours 

Clear 

2.4 

5  hours 

Clear 

2.8 

7§  hours 

Clear 

3.3 

10  hours 

Clear 

7.3  mgm. 

3.6 

24  hours 

Turbid 

4  0 

Start 

Clear 

4.6 

I  hour 

Clear 

7.2  mgm. 

3.6 

1  hour 

Clear 

Trace 

3.4 

1|  hours 

Clear 

3.5 

2  hours 

Clear 

3.6 

25  hours 

Clear 

3.7 

3  hours 

Clear 

3.8 

5  hours 

Clear 

4.1 

7^  hours 

Clear 

4.3 

10  hours 

Clear 

4.4 

24  hours 

Turbid 

4  9-5.0 

Two  experiments  on  clinical  U-20  insulin  with  an  initial  pU  of  J.O 
and  two  on  the  same  material  but  with  an  initial  pH  of  4.6,  were  per- 
formed, and  the  results  obtamed  were  averaged  and  recorded  in  tabic  6 
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parts  B  and  C  respectively.     The  data  given  in  table  6  have  been  shown 
graphically  in  figure  5. 

When  the  initial  pH  of  the  insulin  solution  was  2.0  nothing  \isible 
occurred  during  the  course  of  the  electrolysis  until  the  pH  had  become 
adjusted  to  about  3.6,  at  which  point  practically  the  entire  amount  of 
active  sediment  deposited  on  the  cathodic  membrane,  as  was  the  case 
when  the  initial  pH  was  3.7.  As  the  process  continued,  the  pH  of  the 
solution  gradually  increased  until,  at  a  pH  of  about  4.8  the  solution 
became  turbid,  as  had  been  observed  in  the  previous  experiments. 

When  clinical  U-20  insulin  adjusted  to  an  initial  pH  of  4.6  was  electro- 
dialysed,  a  very  pronounced  change  in  pH  occurred  during  the  first  part 
of  the  process.  The  pH  of  the  solution  dropped  from  4.6  to  about  3.4 
and  all  the  weighable  sediment  was  deposited  on  the  cathodic  membrane 
at  a  pH  of  about  3.6.  As  the  electrodialysis  continued,  the  pH  of  the 
solution  progressively  increased,  until  at  a  pH  of  about  4.8,  the  usual 
turbidity  set  in. 

These  results  have  led  to  the  conclusion  that  the  deposition  of  an  active 
sediment  during  electrodialysis  of  insulin  solutions  having  an  initial  pH 
on  the  acid  side  of  the  isoelectric  point  (4.8),  always  takes  place  at  a 
definite  pH,  which  appears  to  be  about  3.6.  It  has  also  been  concluded 
that  the  appearance  in  the  solution  of  a  turbidity  at  a  pH  of  about  4.8, 
followed  by  the  formation  of  a  boundaiy  which  gradually  settles  to  the 
lower  membrane  is  due  to  an  effect  other  than  that  which  causes  the 
deposition  of  the  active  sediment. 

VI.  Deposition  of  the  active  sediment  is  not  due  to  isoelectric  paint  pre- 
cipitation. In  the  investigation  of  the  pH  changes  in  insulin  solutions 
undergoing  electrodialysis,  it  has  been  shown  that  the  deposition  of  the 
active  sediment  takes  place  from  a  perfectly  clear  solution,  when  the  pH 
has  become  adjusted  to  about  3.6.  Furthermore,  the  clear  solution  be- 
comes turbid  at  a  pH  of  about  4.8.  Since  the  isoelectric  point  of  the 
original  material  is  at  a  pH  of  about  4.8  (Doisy,  Somogjd  and  Shaffer, 
(1923),  (Council  on  Pharmacy  and  Chemistry  1923),  and  since  the 
pH  at  which  the  deposition  of  the  active  sediment  takes  place  is  about 
3.6,  it  appears,  that  the  separation  of  the  active  material  during  electro- 
dialysis of  insulin  solutions  is  not  due  to  an  isoelectric  point  precipitation. 

The  change  in  direction  of  migration  of  the  sediment,  as  shown  in 
section  four,  indicates  that  this  material  must  be  amphoteric.  Until 
it  can  be  demonstrated  experimentally  that  the  isoelectric  point  of  the 
active  sediment  is  at  a  pH  other  than  3.6,  the  argument  advanced  above 
is  open  to  discussion  because,  if  the  isoelectric  point  is  at  3.6  then  the 
deposition  of  active  sediment  might  be  due  to  insolubility  of  the  material 
at  this  particular  pH.  Several  experiments  were  performed  which  prove 
that  this  deposition  of  active  material  was  not  due  to  isoelectric  point 
precipitation. 
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In  the  first  place,  the  isoelectric  point  of  the  active  sediment  was  ex- 
perimentally determined.  Samples  of  dried  sedhnent  were  dissolved  in 
distilled  water  acidified  with  dilute  hydrochloric  acid.  Wry  dilute  alkali 
(n/200)  was  then  gradually  added  with  constant  shaking  until  a  precipi- 
tate appeared.  The  pH  at  which  maxunum  precipitation  occurred  was 
determined  colorimetrically  and  the  addition  of  alkali  was  then  continuod 
until  the  precipitate  dissolved,  showing  the  amphoteric  nature  of  the 
substance.  Other  samples  of  the  same  sediment  were  dissolved  in  dis- 
tilled water,  made  alkaline  with  dilute  alkali.  The  same  procedure,  as 
just  described,  was  carried  out  excepting  that  dilute  hydrochloric  acid 
(n/100)  was  added  instead  of  dilute  alkah.  The  pH,  at  which  the  maxi- 
mum precipitation  occun-ed,  or  the  isoelectric  point  of  the  active  sedi- 
ment, was  found,  as  above  described,  to  be  about  5.2  Since  the  pH  at 
which  deposition  of  this  material  takes  place  has  been  sho^^^l  experi- 
mentally to  be  about  3.6.  while  the  isoelectric  point  of  the  sediment  has 
been  found  to  be  at  a  pH  of  about  5.2,  it  can  be  seen  that  the  deposition 
of  active  sediment  during  electrodialysis  of  insulin  solutions  is  not  due 
to  an  isoelectric  point  precipitation. 

Other  experimental  proof  for  the  vahdity  of  the  above  statement  is 
had  in  the  fact  that  if  the  circuit  was  broken  just  after  the  material  had 
been  deposited  at  a  pH  of  about  3.6,  the  sediment  entirely  redissolved  in 
a  short  time.  This  was  to  be  expected,  since  this  same  active  sediment 
is  completely  soluble  in  water  at  a  pH  of  about  3.6. 

Furthermore,  if  the  insulin  solution  undergoing  electrodialysis  was 
agitated  rapidly  by  stirring,  no  deposition  of  active  sedhnent  occurred  even 
after  two  hours.  ^Vhen  the  stirring  was  stopped,  the  usual  deposit  formed. 
If  an  isoelectric  point  precipitation  were  the  cause  of  the  deposition  of  an 
active  sediment  during  electrodialysis  of  insulin  solutions,  agitation  of 
the  solution  should  have  no  effect  on  the  formation  of  the  precipitate. 

Therefore,  it  has  been  demonstrated  by  three  independent  experi- 
ments that  the  deposition  of  the  active  sediment  from  insulin  solutions 
subjected  to  electrodialysis  is  not  due  to  an  isoelectric  point  precipitation. 

The  results  of  these  experiments  also  show  the  difficulty  of  obtaining 
a  filtrate  with  absolute  physiological  inactivity,  due  not  only  to  tlie  solu- 
bility of  the  active  material  at  a  pH  of  3.6,  but  also  to  the  overlapping 
of  the  isoelectric  ranges  (4.8  to  5.0  and  5.0  to  5.2)  of  the  inac(iv(>  an.l 
active  constituents  respectively. 

The  turbidity  which  has  been  shown  to  begin  at  a  pll  of  about  4.S  and 
which  is  followed  by  the  formation  of  a  definite  boundary  and  settling 
of  the  latter  on  the  lower  membrane,  is  probai^ly  due  to  isoelectric  point 
precipitation  of  the  inactive  component.  [This  pH  (4.8  to  5.0)  is  the 
isoelectric  point  of  insulin  usually  recorded  in  the  literature  (Doi.sy, 
Somog>'i  and  Shaffer,  1923;  Somog>'i,  Doisy  and  Shaffer,  1924;  Dudley, 
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1923;  Council  on  Pharmacy  and  Chemistry,  1923).]  This  was  shown 
experimentally  by  the  failure  of  the  flocculated  material  to  redissolve  when 
the  circuit  was  broken,  and  to  almost  immediate  resolution  upon  the 
addition  of  either  acid  or  alkah. 

The  relative  inactivity  of  the  material  flocculated  out  of  the  solution 
of  a  pH  of  about  4.8,  due  probably  to  isoelectric  point  precipitation  has 
been  shown  by  a  quantitative  experiment.  A  solution  of  clinical  U-20 
insulin  with  an  initial  pH  of  3.7,  was  divided  into  two  equal  volumes. 
Both  portions  were  independently  electrodialysed  in  the  usual  manner. 
The  process  was  stopped  and  the  sedunent  removed  from  one  solution 
when  the  pH  had  become  adjusted  to  about  3.6,  and  from  the  second  at  a 
pH  of  about  4.8.  The  soHds  from  each  were  dried  as  usual  and  tested 
for  physiological  activity  on  the  same  weight  basis.  The  results  obtained 
are  recorded  in  table  7. 

From  these  results  it  can  be  seen  that  the  material  flocculated  at  a  pH 
of  about  4.8  showed  an  average  blood  sugar  drop  of  only  47  and  42,  as 
compared  to  68  and  79  for  the  sediment  deposited  at  pH  3.6.  This 
experimentally  indicated  that  the  material  which  settles  out  of  the  solu- 
tion at  a  pH  of  about  4.8,  after  the  sediment  has  become  deposited  at  a  pH 
of  about  3.6,  contains  little  physiological  activity.  Contamination  of 
the  active  sediment  by  this  product  materially  decreases  the  potency  of 
the  active  substance.  This  experimental  evidence  strongly  indicates  a 
fractionation  of  insulin  by  electrodialysis,  as  suggested  in  section  three, 
and  shows  also  that  it  is  essential  to  stop  the  electrodialysis  of  insulin 
solutions  before  the  pH  has  become  adjusted  to  about  4.8,  in  order  to 
prevent  contamination  and  subsequent  decrease  in  potency  of  the  active 
material  by  the  relatively  inactive  substance  produced  at  this  pH. 

VII.  Chemical  investigation  of  the  active  sediment.  In  the  previous 
sections  it  has  been  showTi  that  an  active  sediment  is  formed  during  the 
electrodialysis  of  insulin  solutions,  from  causes  other  than  isoelectric 
precipitation.  An  investigation  into  the  physical  and  chemical  charac- 
teristics of  the  active  substance  has  been  undertaken  with  the  hope  of 
throwing  some  Hght  on  the  chemical  nature  of  the  active  principle. 

The  active  deposit  from  insulin  solutions  subjected  to  electrodialysis 
is  white  when  first  prepared,  but  on  exposure  to  the  air,  it  gradually 
develops  a  grayish  color.  Under  microscopic  examination  the  active 
sediment  shows  sharp,  ragged  edges,  like  pieces  of  broken  glass  but  no 
definite  crystalline  structure. 

The  active  substance  is  soluble  m  dilute  hydrochloric,  sulfuric,  and 
acetic  acids,  and  in  dilute  caustic  soda  solutions.  It  is  insoluble  in  abso- 
lute and  95  per  cent  ethyl  alcohol,  absolute  ether,  acetone,  carbon  tetra- 
chloride, benzene,  petroleum  ether,  and  ethyl  acetate.  It  shows  sUght 
solubiUty  in  absolute  methyl  alcohol  saturated  with  dry  hydrogen  chloride. 
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The  sediment  when  dissolved  in  acidified  water,  imparts  a  pale  yellow 
color  to  the  solution.  In  alkaline  solution  this  yellow  color  is  much  more 
pronounced. 

The  active  material  is  precipitated  from  acidified  aqueous  solutions 
by  phosphotungstic  acid.  It  can  also  be  precipitated  from  aqueous 
solutions  by  the  addition  of  a  large  volume  of  absolute  ethyl  or  methyl 
alcohol.  If  dry  ether  is  added  to  a  solution  of  the  active  substance  in 
absolute  methyl  alcohol  saturated  with  dry  hydrogen  chloride,  a  non- 
crj'stalline  product  is  precipitated  which  shows  shghtly  less  than  normal 
physiological  activity  as  can  be  seen  from  experiment  5  recorded  in  table 
4.  The  average  sugar  drop  for  the  material  precipitated  as  described 
was  40  and  54,  as  compared  to  59  and  64,  in  the  same  time  intervals  for 
the  control  sample. 

The  material  bums  readily,  giving  rise  to  an  odor  resembling  burning 
hair  and  leaves  a  white  fluffy  ash.  Quantitative  determinations  for  the 
percentage  ash  in  several  samples  of  sediment  have  been  recorded  in 
table  8.  The  ash  determinations  were  made  in  a  small  platinum  dish 
on  samples  ranging  from  20  to  30  mgm.  by  ignition  at  red  heat  to  constant 
weight.  The  ash  is  not  alkaline,  and  its  insolubility  in  dilute  acids 
prompted  a  chemical  investigation.  This  was  done  by  the  usual  method 
(Scott,  1922;  Treadwell  and  Hall,  1915)  with  sulfuric  acid  and  hydro- 
fluoric acid,  used  in  determining  silica.  The  results  obtained  have  been 
recorded  in  table  8. 

It  can  be  seen  from  the  tabulated  data,  that  the  ash  from  three  different 
samples  of  sediment  consisted  entirely  of  silica,  while  the  ash  from  the 
control,  from  which  these  sediments  had  been  produced,  consisted  of 
only  60  per  cent  silica.  Since  the  ash  from  the  control  samples  showed  a 
distinctly  alkaline  reaction  toward  phenolphthalein,  which  the  ash  from 
the  sediments  did  not,  it  can  be  seen  that  the  electrodialysis  has  removed 
an  alkaline  constituent  which  is  not  essential  to  the  physiological  activity 
of  insulin  preparations.  Lack  of  material  made  it  unpossible  to  deter- 
mine the  ash  content  of  the  other  samples  of  sediment  recorded  in  table  8. 

Attempts  to  remove  the  silica  from  the  sediments  were  made  by  means 
of  ultrafiltration  through  impermeable  membranes  and  by  re-electro- 
dialysis  with  reversed  polar ty,  thus  drawing  the  sediment  against  gravity 
but  these  were  not  successful.  The  percent  of  sihca  in  the  samples  before 
and  after  these  treatments  was  practically  the  same.  The  relatively 
low  ash  in  sediment  no.  16,  with  no  decrease  in  phj'-siological  activitj^, 
indicates  that  the  silica  is  probably  not  a  part  of  the  molecule  of  the 
active  principle  in  insulin  preparations. 

A  test  for  nitrogen,  sulfur,  and  phosphorus  by  means  of  sodium  fusions 
on  active  sediments  nos.  12,  13  and  16  was  positive  for  the  first  two  ele- 
ments. No  positive  test  for  sulfur,  phosphorus,  or  halogens  could  be 
obtained  on  the  filtrate  samples  nos.  12  and  16  (pH  4.8  material). 
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The  nitrogen  content  of  samples  of  sediment  and  filtrate  was  quanti- 
tatively determined  by  the  micro-Kjeldahl  technique  of  Pregl  (1923). 
A  sample  weighing  between  11  and  12  mgm.  was  used  for  each  analysis. 
The  weighed  sample  was  dissolved  in  that  volume  of  n/10  sulfuric  acid 
which  would  give  a  final  concentration  of  1  mgm.  per  cubic  centimeter. 
Five  cubic  centimeters  of  this  solution,  measured  by  a  cab'brated  pipette, 
were  used  for  each  determination.  This  procedure  made  it  possible  to 
get  2  analyses  on  each  sample  using  5  mgm.  of  material  for  each  deter- 
mination. The  results  obtained  from  several  analyses  on  samples  of 
control,  sediment  and  filtrate  have  been  given  in  table  8. 

From  these  data  it  can  be  seen  that  the  percentage  of  Kjeldahl  nitrogen 
in  the  sediments  analyzed  based  even  on  total  soUds,  is  fairly  constant, 
while  the  nitrogen  content  for  sediments  nos.  12,  13,  and  16  based  on 
total  organic  sohds  is  constant  within  0.96  per  cent,  and  averages  14.52 
per  cent  for  the  three  samples. 

The  amphoteric  nature  of  the  active  sediment,  as  shown  by  its  ability 
to  migrate  toward  either  the  anode  or  cathode,  depending  on  the  pH  of  the 
solution,  and  also  by  its  solubiUty  in  both  dilute  acids  and  alkalies,  when 
coupled  with  its  precipitation  by  phosphotungstic  acid,  and  its  average 
nitrogen  content  of  14.52  per  cent  makes  it  appear  that  the  active  principle 
of  insulin  either  is  a  protein-like  substance  or  is  very  closely  linked  to 
some  protein.  It  is  certain  that  the  active  material  which  deposits  during 
the  electrodialysis  of  insulin  solutions,  shows  characteristic  protein  re- 
actions, even  though  the  active  constituent  in  this  sediment  may  not 
itself  be  a  protein. 

VIII.  A  micro-crystalline  compound  from  the  active  sediment.  The 
appearance  of  the  active  sediment  formed  from  insulin  solutions  subjected 
to  electrodialysis,  w^hen  examined  under  a  microscope,  indicated  possi- 
bihties  for  crystallization.  The  relative  insolubihty  of  the  active  material 
in  all  general  organic  solvents  rendered  the  usual  crystallization  tech- 
nique inapphcable.  Advantage  was  taken  finally  of  the  solubihty  of 
the  active  sediment  in  acidified  solutions. 

Samples  of  active  sediment  were  dissolved  in  dilute  aqueous  hydro- 
chloric, acetic,  and  sulfuric  acid  solutions.  These  were  permitted  to 
evaporate  slowly  with  the  hope  of  obtaining  the  sediment  in  a  crj^stalline 
condition.  Several  attempts  were  made  but  each  time  the  material 
precipitated  from  the  solution  in  an  amorphous  condition. 

Another  series  of  attempts  was  -made  using  dilute  sulfmic  acid  and 
ethyl  alcohol  as  the  solvent  for  the  active  sediment.  Some  of  the  solu- 
tions produced  a  micro-ciystaUine  compound  in  very  small  quantity  after 
standing  for  several  daj^s.  The  optimmn  condition  for  crj^stallization 
has  not  been  estabUshed  definitely,  but  equal  volumes  of  25  per  cent 
suKuric  acid  and  95  per  cent  ethyl  alcohol  produced  crj'stals  from  two 
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batches  of  active  sediment  in  about  2i  hours.  This  was  the  slioru-si 
crystaUization  time  ever  obtained,  the  usual  time  being  at  least  one 
week. 

The  formation  of  the  ciystahine  compound  from  the  active  sediment 
occurs  in  a  veiy  pecuhar  manner.  The  sediment,  when  first  dissolved, 
gives  a  clear,  pale,  yellow  solution.  The  micro-ciystals.  in  ver>-  small 
quantity,  form  in  this  acid  solution  after  some  of  the  alcohol  has  spon- 
taneously evaporated.  On  longer  standmg,  the  crA'stals  disappear, 
gi^dng  way  to  a  tm'bid  solution,  from  which  an  amorphous  material  pre- 
cipitates. As  more  solvent  evaporates  this  amorphous  substance  re- 
dissolves,  gi\dng  a  bro\\-nish  colored  solution  from  which,  sometimes,  on 
veiy  long  standing,  the  micro-ciystalline  substance  is  again  formed.  In 
several  attempts,  it  has  been  impossible  to  get  back  the  cr>-stalline  pro- 
duct even  after  standing  for  weeks.  If  a  little  ethyl  alcohol  is  added  ta 
the  hquid  containing  the  amorphous  substance  after  resolution  of  the 
cr^-stals,  the  fonner  re-dissolves,  and  in  some  cases,  re-cr>'stallization 
has  been  accomphshed  in  this  manner.  However,  if  a  httle  water  is 
added  to  the  liquid  containing  the  amorphous  substance,  no  resolution 
occurs,  but  even  more  amorphous  material  seems  to  come  out  of  solution. 
If  a  large  volume  of  water  is  added,  complete  resolution  occurs  but  no 
crj^stals  have  ever  been  obtained  from  such  diluted  solutions. 

The  ciystaUine  compound  produced  as  described,  has  always  hail  the 
same  fonn.  and  has  always  shown  the  same  relative  insolubiUty  in  or- 
dinary- organic  solvents  and  in  water.  The  insolubiUty  of  the  crystalline 
material  in  water,  and  the  veiy  small  quantities  in  which  it  has  l)een 
produced,  together  with  the  great  difficult^'  experienced  in  attemjiting 
to  free  it  from  traces  of  mother  Hquor,  have  made  the  physiological  and 
chemical  investigation  of  the  compound  very  difficult. 

From  the  two  microphotographs,  figures  6  and  7,  some  idea  may  Ix? 
had  of  the  general  appearance  of  the  crystals  under  the  microsco|)e. 
Figure  6  shows  a  typical  batch  of  ciystals  in  contact  with  tlie  mother 
liquor,  while  figure  7  shows  a  single  gi'oup  crystallizing  in  the  usual  radiat- 
ing manner  about  some  dust  spot  as  a  nucleus. 

These  crj-stals  which  are  inactive  are  formed  at  the  expense  of  the 
active  sediment  by  the  treatment  described  above.  Their  cr>-stalline 
form  suggests  tyrosine.  This  aspect  of  the  work  opens  up  a  line  of 
attack  on  the  insulin  problem. 

Discussion  of  errors.  The  gi-eatest  error  in  this  investigation  was 
involved  in  the  physiological  assay  of  the  acti\'ity  in  the  various  samjiles 
of  material.  This  biological  error  is  not  due  to  faulty  technique  or  in- 
accurate methods,  but  is  due  to  the  different  reactions  of  the  exi>erimental 
animals  to  the  insulin  injection.  In  order  to  establish  the  validity  of 
the  conclusions  drawn  from  the  physiological  tests,  a  series  of  at    lea.'^t 
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three  animalH  was  run  on  each  sample.  The  average  error,  calculated 
from  the  mean  deviation  for  each  series  was  found  to  be  ±  16.19  per  cent 
for  the  blood  sugar  drop  f  hour  after  injection,  and  dr  18.98  per  cent  for 
the  blood  sugar  drop  If  hours  after  injection.  The  error  is  larger  for  the 
second  interval  after  injection  because  the  results  at  this  point  are  in- 
fluenced to  a  greater  degree  by  the  individual  reactions  of  the  experimen- 
tal animals.  The  error  involved  in  weighing  out  the  2  mgm.  samples  for 
the  physiological  tests  becomes  negligible  in  view  of  the  much  larger 
animal  error. 

The  lack  of  material  necessitated  the  use  of  colorimetric  procedure  for 
the  hydrogen  ion  determinations.     Since  in  this  investigation,  the  colori- 
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Fig.  6.  Magnification  60X.  Fig.  7.  ^lagnification  lOOX. 

Ordinary  light.  Green  light. 

Note:  The  authors  wish  to  thank  Mr.  E.  P.  Polushkin  of  the  Department  of 
Metallurgy  for  these  micrographs. 

metric  technique  was  open,  not  onty  to  the  usual  optical  and  personal 
errors,  but  also  to  the  so-called  "protein"  error,  no  greater  accuracy  than 
a  close  approximation  is  claimed  for  the  hydrogen  ion  determinations. 
The  results  are,  however,  sufficiently  accurate  to  indicate  the  general 
trend  of  the  hydrogen  ion  changes  in  the  cases  investigated. 

The  largest  error  involved  in  the  ash  determinations  is  in  the  weigh- 
ing of  the  samples  (20  to  30  mgm.},  and  amounts  to  ±  0.33  to  0.50  per 
cent. 

The  micro-Kjeldahl  technique  was  perfected  by  analyses  on  chemically 
pure  samples  of  acetanilide.  The  accuracy  of  the  method  can  be  seen 
from  the  following  typical  analyses. 


"ULTRAFILTRATIOX   AND    ELECTRODIALYSIS   OF   INSULIN 


565 


MATERIAL   AXALYZED 


c.p.  acetanilid. 
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PER  CENT 
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10.70 

10.37 
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ENCE FROM 
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+  0.16 
+  0    33 

+0.45 
+0.45 
+0.33 


The  standard  sample  weight  in  the  actual  analyses  was  11  to  12  nigni. 
bringing  into  the  method  a  possible  error  of  ±  0.83  to  0.91  per  cent. 

All  quantitative  apparatus  was  caUbrated  and  the  errors  involved  were 
negligible  in  comparison  to  the  errors  discussed  above. 


SUMMARY 

The  results  from  A,  ultrafiltration,  and  from  B,  electrodialysis  have 
led  to  the  conclusions  summarized  under  the  respective  heading.'^. 

A.  Ultrafiltration:  1.  The  active  principle  of  insuhn  can  be  uUra- 
filtered  through  collodion  membranes  of  high  and  low  permeability  with- 
out loss  of  activity. 

2.  The  nitrogen  content  of  insulin  is  not  changed  Ijy  ultrafiltration 
through  collodion  membranes  of  high  or  low  permeabilitj'. 

B.  Electrodialysis:  1.  An  active  sedmient  can  be  deposited  from 
insulin  solutions  when  subjected  to  electrodialj'-sis. 

2.  The  sediment  produced  by  the  electrodialysis  of  insulin  solutions 
appears  to  be  100  per  cent  more  active  per  unit  of  weight  injected  than 
the  original  material. 

3.  The  filtrate,  containing  principally  organic  material,  after  removal 
of  the  active  sediment,  has  little  activity. 

4.  The  electrode,  at  which  the  active  sediment  is  deposited,  is  (l(>1er- 
mined  by  the  hydrogen  ion  concentration  of  the  insuhn  solution  under- 
going electrodialysis. 

5.  There  appears  to  be  a  definite  hydrogen  ion  concentration  at  wliich 
the  active  sediment  is  produced  from  insulin  solutions  during  electrodia- 
lysis. 

G.  The  formation  of  the  active  sediment  during  the  electrotlialysis  of 
insulin  solutions,  is  not  due  to  an  isoelectric  point  precipitation. 

7.  The  active  sediment  produced  by  the  electrodialysis  of  insulin 
solutions  shows  protein  reactions  and  contains  organic  sulphur  but  no 
phosphorus. 

8.  The  inactive  material  shows  protein  reactions  and  contains  neither 
sulphur  nor  phosphorus. 
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9.  A  micro-crystalline  compound  can  be  obtained  from  the  active 
sediment  formed  by  the  electrodialysis  of  insulin  solutions  by  treatment 
with  an  alcohol,  sulfuric  acid  and  water  mixture. 
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The  peculiar  behavior  of  some  of  the  well  known  blood  sugar 
methods,  when  put  to  unusual  uses,  led  us  to  the  belief  that  it 
would  be  useful  to  add  another  to  the  already  long  series  of  critical 
studies  of  blood  sugar  methods. 

It  is  a  matter  of  common  experience  that,  though  a  number  of 
different  methods  may  give  concordant  results  with  a  given  sample 
of  blood,  with  a  different  blood  the  determinations  may  be  quite 
at  variance.  This  fact,  that  at  times  different  methods  agree 
while  again  they  do  not,  is  quite  as  interesting  and  probably  more 
important  than  is  the  fact  of  their  agreement,  or  lack  of  agreement, 
in  itself.  The  methods  which  were  examined  were  those  of 
Benedict  (1),  Folin  and  Wu  (4)  as  modified  by  Folin  (5),  Shaffer 
and  Hartmann  (11),  and  Hagedorn  as  described  by  Host  and 
Hatlehol  (8). 

Because  of  the  great  number  of  possible  causes  for  variation 
between  the  results  obtained  by  the  different  methods,  it  was 
thought  advisable  to  begin  the  study  with  a  comparison  of  the 
behavior  of  the  several  methods  towards  a  solution  of  pure  glucose 
in  water.  In  this  way  it  would  be  possible  to  detennine  the  \n-c- 
cision  and  accuracy  of  each  method  with  the  fewest  possible  com- 
phcating  factors,  and  any  discrepancies  would  be  more  easily 
interpreted. 

7.  Results  of  the  Work  with  Solutions  of  Pure  Glucose. 

A.  Material  and  Apparatus. 

The  three  following  samples  of  glucose  were  used. 

1.  A  sample  prepared  from  white  commercial  glucose  in  1915.  Tliia 
sample  was  purified  by  several  precipitations  from  methyl  alcohol.    L  ntil 
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used,  it  was  kept  in  a  desiccator  over  calcium  chloride.    Its  rotating  and 
reducing  powers  agreed  with  those  of  pure  anhydrous  glucose. 

2.  A  sample  prepared  by  crystallization  from  acetic  acid  (Hudson  and 
Dale  (9) ) .  The  Exose  of  the  Corn  Products  Company  was  the  starting  point 
and  the  sample,  when  purified,  was  kept  in  a  desiccator,  as  was  Sample  1. 
This  sample  was  prepared  about  9  months  before  the  first  of  it  was  used. 
Like  the  first  sample  its  rotating  and  reducing  powers  corresponded  with 
those  of  anhydrous  glucose. 

3.  In  a  few  instances  Exose  was  used  as  purchased.  When  so  used  it  is 
indicated  in  the  tables  (Table  IV).  Its  rotating  power  indicated  that  it 
was  91.1  per  cent  anhydrous  glucose.  All  solutions  of  this  sample  were 
so  made  that  a  1  per  cent  solution  would  have  the  rotating  power  of  a  1  per 
cent  solution  of  anhydrous  glucose. 

The  polarimetric  determinations  were  made  on  a  Schmidt  and 
Haensch  two-field  instrument  sensitive  to  0.01°  of  angular  scale. 
Solutions  of  about  5  per  cent  were  used  for  polarimetric  work. 
A  mercury  arc  lamp  with  a  filter  giving  a  wave-length  of 
54G  X  10~^  mm.  was  used  as  the  source  of  light.  As  noted  in  the 
descriptions  of  Samples  1  and  2  the  specific  rotation  of  glucose  for 
fight  of  this  wave-length  was,  granting  the  purity  of  our  prepara- 
tions, found  to  agree  with  that  given  by  Quisumbing  and  Thomas 
(10)  H?^6  =  62.02°. 

The  anhydrous  equivalent  of  the  5  per  cent  solution  having  been 
determined  by  rotation,  a  solution  equivalent  to  0.100  per  cent 
anhydrous  glucose  was  prepared  from  it  by  dilution.  The  reduc- 
ing power  of  this  diluted  solution  was  then  determined  by  the 
method  of  Quisumbing  and  Thomas  (10).  In  all  cases  the  agree- 
ment was  witliin  0.3  per  cent,  whether  the  solutions  were  prepared 
from  the  purified  samples  or  directly  from  Exose. 

The  colorimeter  used  was  an  ordinary'  Duboscq  as  made  by 
PeUin.  Readings  were  made  by  the  use  of  the  Chalet  colorimeter 
lamp  of  Bausch  and  Lomb. 

Inasmuch  as  we  were  primarily  interested  in  the  behavior  of  the 
several  methods  in  blood  sugar  determinations,  rather  than  in 
sugar  methods  in  general,  we  have,  in  most  instances,  calculated 
our  results  to  their  respective  blood  sugar  equivalents,  instead  of 
reporting  the  absolute  indications  of  the  sugar  recovered.  Thus 
when  0.20  mg.  of  sugar,  absolute  weight,  is  indicated  by  the 
Folin-Wu  method  it  is  reported  as  equivalent  to  a  blood  sugar  of 
100  mg.  per  100  ml.     The  same  absolute  weight  of  sugar  (0.20 
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mg.)  by  the  method  of  Shaffer  and  Hartmann  would  indicate  40 
mg.  per  100  ml.  of  blood,  by  that  of  Benedict  31,  and  by  that  of 
Hagedorn  200.  Or,  again,  in  order  to  indicate  100  mg.  per  100 
ml.  of  blood  there  must  be  recovered  by  the  method  of: 

mg. 

Folin  and  Wu 0. 20 

Shaffer  and  Hartmann 0.50 

Benedict 0.64 

Hagedorn 0.10 

It  will  thus  be  seen  that  the  requirements  in  sensitivity  and  pre- 
cision of  the  different  methods  are  quite  varied.  The  difference 
in  the  significance  of  the  absolute  amounts  of  sugar  recovered  by 
the  different  methods  depends  upon  differences  in  the  amount  of 
blood  to  which  the  volume  of  filtrate  subjected  to  analysis  cor- 
responds. An  aliquot  part  is  used  in  all  of  the  methods  except 
that  of  Hagedorn.  When  it  is  desired  to  study  the  sensitivity  of 
a  method  it  becomes  convenient  to  report  the  absolute  weight  of 
sugar  indicated. 

B.  Benedict's  Modification  of  the  Lewis-Benedict  Method. 

With  this  method  2.0  ml.  of  blood,  laked  with  4.0  ml.  of  water, 
are  treated  with  19.0  ml.  of  a  picric  acid  solution.  The  picric  acid 
serves  the  double  purpose  of  protein  precipitant  and  oxidizing 
agent  for  the  glucose.  After  the  protein  is  precipitated,  8.0  ml. 
of  the  clear  filtrate  (equivalent  to  0.64  ml.  of  the  original  blood) 
are  treated  with  1.0  ml.  of  20  per  cent  sodium  carbonate  solution 
and  placed  in  a  boiling  water  bath  for  10  minutes.  At  the  same 
time,  a  tube  containing  0.64  mg.  of  glucose  in  4.0  ml.  of  solution, 
4.0  ml.  of  the  picric  acid  solution,  and  LO  ml.  of  the  sodium  car- 
bonate solution  is  treated  in  like  manner.  After  healing  for  the 
indicated  time  the  tubes  are  cooled  and  the  volume  of  each  of  the 
solutions  made  up  to  12.5  ml.  with  distilled  water.  The  blood 
sugar  is  then  determined  by  comparing  the  amounts  of  picrainic 
acid  formed  in  the  two  tubes  colorimetrically,  it  being  assimied 
that  under  the  conditions  adopted  this  will  var\'  directly  as  the 
sugar  present.  The  reason  for  detailing  the  method  in  this  way 
will  become  evident  from  what  follows. 

It  is  evidently  assumed  by  the  authors  of  the  met  hod  that  the 
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picric  acid  equivalent  to  that  present  in  6.5  ml,  of  the  picrate- 
picric  acid  solution  is  removed  with  the  protein  precipitate,  so 
that,  after  the  precipitatioa  is  complete,  the  8.0  ml.  portion  of  the 
filtrate  used  for  analysis  contains  the  same  amount  of  picric  acid 
as  does  the  4.0  ml.  added  to  the  standard  tube. 

It  is  generally  stated  that  this  method  gives  fairly  satisfactory 
results  when  used  with  nonnal  bloods  but  that  it  is  apt  to  give 
results  which  are  too  high,  as  compared  with  those  obtained  by 
other  methods,  when  used  with  abnormal  bloods,  e.g.  in  diabetes. 
It  may  also  give  high  results  when  used  with  bloods  which  may  be 
presumed  to  have  low  protein  content  (Host  and  Hatlehol  (8)). 

It  may  fairly  be  assumed  that  a  reduced  amount  of  protein  in 
the  blood  will  leave  an  excess  of  picric  acid  in  the  filtrate  over  and 
above  that  assumed  by  the  author  of  the  method  to  be  present. 
Present  knowledge  does  not  permit  us  to  write  the  equations  for 
the  reactions  which  occur  in  such  a  system  but  it  would  seem  safe 
to  assmne  that  the  principles  of  the  mass  law  apply.  Assuming 
that  they  do,  it  would  follow  that  an  increase,  either  of  the  oxidiz- 
ing or  reducing  agent,  the  other  in  the  meantime  remaining  con- 
stant, would  lead  to  an  increase  in  one  or  more  of  the  end-products. 
If  it  be  further  assumed  that  in  either  case  there  would  be  an  in- 
crease in  the  concentration  of  picramic  acid,  whether  or  not  that  of 
anj^  or  all  of  the  other  products  increased,  the  observ^ed  discordant 
results  would  be  at  least  partially  accounted  for.  That  is,  bloods 
containing  abnormalh^  large  amounts  of  sugar  or  an  abnormallj' 
small  amount  of  protein  could  be  presumed  to  indicate  a  higher 
concentration  of  sugar  with  this  method  than  would  be  the  case 
with  other  methods,  in  which  the  balance  between  the  oxidizing 
and  reducing  agents  is  not  so  easily  disturbed. 

To  study  this  point  experimentally  determinations  were  made 
on  sugar  solutions  containing  (in  4.0  ml.)  the  glucose  which  theo- 
reticalh^  would  be  present  in  the  filtrates  from  0.64  ml.  of  bloods 
containing  respectively,  50,  75,  125,  175,  and  200  mg.  of  sugar  per 
100  ml.  of  blood.  The  standard,  with  which  each  was  compared, 
contained  0.64  mg.  of  glucose.  The  amount  of  the  picrate-picric 
acid  solution,  in  all  cases,  was  the  same  as  in  the  standard,  4.0  ml. 

From  Table  I,  it  is  evident  that  within  a  range  of  from  75  to 
125  mg.  per  100  ml.,  that  is,  within  25  per  cent  of  the  standard, 
there  is  a  fairly  close  correspondence  between  the  glucose  actually 
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present  and  the  glucose  indicated  by  the  picramic  acid.  The 
maximum  error  within  this  range  is  1.3  per  cent.  As  the  con- 
centration of  glucose  in  the  solution  was  further  increased,  how- 
ever, more  sugar  was  indicated  than  was  actually  present,' there 
being  a  positive  error  of  from  3  to  5  per  cent.  Likewise  in  the 
lower  part  of  the  range,  when  50  mg.  of  sugar  were  present,  only 
47.9  were  indicated,  a  loss  of  approximately  4  per  cent.  It  seems 
from  the  nature  of  the  experiment  that  the  variations  in  the  con- 
centration of  glucose,  in  the  unknown  from  that  of  the  standard, 
contribute  to  these  discrepancies  through  the  mass  effect  indicated 

TABLE  I. 
Comparison  of  Solutions  of  Various  Concentrations  of  Glucose  with  a  Stand- 
ard Solution  Containing  0.64  Mg.     The  Effect  of  Concentration  of  Sugar 
upon  the  Amount  of  Picramic  Acid  Formed  in  the  Lewis-Benedict 
Method  of  Deterinination  of  Sugar  in  the  Blood. 


Glucose  to  indicate  blood  sugar  con- 

Xo. of 
determinations. 

centration  in  mg.  per  100  ml. 

Error:  Deviation  from  glucose 
actually  present. 

Present. 

Indicated. 

mo.                         percent 

25.0 

Colors  could  not  be  matched. 

6 

50.0 

47.9±0.5 

-2.1 

-4.2 

4 

75.0 

74.0±0.8 

-1.0 

-1.3 

4 

100.0 

100.1±0.2 

-FO.l 

+0.1 

4 

125.0 

125.2±0.5 

-fO.2 

+0.2 

8 

150.0 

15G.1±0.7 

+6.1 

+4.1 

4 

175.0 

181.5±1.4 

+6.5 

+3.7 

8 

200.0 

210.0±0.9 

+  10.0 

+5.0 

in  the  above  discussion.  To  study  this  point  still  further,  solu- 
tions containing  glucose  equivalent  to  that  in  the  filtrates  from 
0.64  ml.  of  bloods  containing  from  100  to  300  mg.  per  100  ml.  of 
blood  were  compared  with  a  standard  containing  1.24  mg.  of 
glucose,  i.e.  double  the  ordinary  strength  and  corresponding  to  a 
blood  of  200  mg.  per  100  ml. 

From  Table  II  it  will  be  seen  that,  within  a  range  of  from  150 
to  275  mg.  per  100  ml.,  which  is  again  roughly  equivalent  to  a  range 
of  25  per  cent  on  either  side  of  the  standard  of  comparison,  the 
greatest  error  is  1.9  per  cent,  and  as  a  rule  the  error  is  much  less 
than  this.     On  the  other  hand  onl}'-  90.7  mg.  were  recovered  from 
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the  100  mg.  solution,  a  loss  of  9  per  cent;  while  the  300  mg.  solution 
indicated  a  concentration  of  311.1  mg.,  a  gain  of  nearly  4  per  cent. 
The  behavior  of  the  100  mg.  solution  when  compared  with  the 
different  standards  is  significant.  It  is  of  interest  to  point  out  at 
this  time  that  with  the  advent  of  insuHn  and  h\'poglycemia  the 
possible  effect  of  low  concentrations  also  becomes  of  importance. 
In  these  two  series  of  experiments,  all  solutions,  containing  a 
much  greater  concentration  of  glucose  than  did  the  standard  of 
comparison,  gave  results  which  indicated  a  concentration  greater 
than  was  known  to  be  actually  present,  while  all  solutions  con- 

TABLE  II. 

Comparison  of  Solutions  Containing  Various  Amounts  of  Glucose  with  a 

Standard  Solution  Containing  t  .28  Mg.  Which  Is  Equivalent  to  a 

Blood  Sugar  of  200  Mg.  -per  100  Ml.    The  Purpose  is  to 

Show  the  Effect  of  the   Concentration  of  Glucose 

upon  the  Amount  of  Picramic  A  cid  Formed. 


No.  of 
determinations. 

Glucose  present. 

Glucose  found. 

Error:  Deviation  from  glucose 
actuallj'  present. 

Equivalent 

to  blood  sugar. 

mrj.  per  100  ml. 

mg.  per  100  ml. 

Wlff. 

percent 

4 

100.0 

90.7  ±  1.3 

-9.3 

-9.3 

4 

150.0 

147.2  ±  0.8 

-2.8 

-1.9 

4 

175.0 

176.1  ±  0.2 

+  1.1 

+0.6 

4 

200.0 

199.8  ±  0.3 

-0.2 

-0.1 

6 

225.0 

228.1  d=  1.1 

+3.1 

+  1.4 

4 

250.0 

250.4  ±  0.4 

+0.4 

+0.2 

4 

275.0 

277.5  ±  1.1 

+2.5 

+0.9 

5 

300.0 

311.1  =t  0.8 

+  11.1 

+3.7 

taining  relatively  much  less  glucose  than  the  standard  showed  a 
corresponding  loss  ia  the  amount  indicated  by  the  results  of  the 
determinations.  Every  case  tested  in  this  manner  agreed  with 
the  results  recorded  in  these  two  series.  Hence  it  seems  justifiable 
to  conclude  that  the  abnormally  high  results  obtained  by  this 
method,  as  compared  with  results  obtained  by  other  methods,  on 
bloods  high  in  sugar  content,  may  be  due,  in  part  at  least,  to  this 
factor.  That  is,  that  the  amount  of  picramic  acid  formed  cannot 
be  assumed  to  vary  directly  with  the  amount  of  glucose  present, 
except  over  a  very  narrow  range.  This  assmnption  is  fundamental 
to  all  colorimetric  methods  of  this  type,  and  constitutes  a  weakness 
v/hich  must  not  be  overlooked 


I 


W.  F.  Duggan  and  E.  L.  Scott 


293 


Turning  now  to  the  effect  of  vamng  the  concentration  of  the 
picric  acid  upon  the  amount  of  picramic  acid  formed,  we  carried 
out  the  following  experiments.  If  the  protein  of  the  blood  were 
decreased  by  50  per  cent  the  picric  acid  in  the  blood  filtrate  would 
be  increased  bj^  an  amount  equivalent  to  that  present  in  3.0  ml. 
of  the  picrate-picric  acid  solution,  and  each  8.0  ml.  portion  of  this 
filtrate  taken  for  analysis  would  contain  picric  acid  equivalent  to 

TABLE  III. 

Effect  of  Varying  Amounts  of  Picric  Acid  upon  the  Amount  of  Picramic  Acid 

Formed  with  a  Fixed  Amount  of  Glucose. 


No.  of 
determinations. 

Glucose  present 
0.64  mg. 

Glucose  indicated. 

Picrate-picric 

acid  solution 

used. 

Deviation  from 
glucose  actually 

Equivalent  to  blood  sugar. 

present. 

4 
3 

4 
4 

mg.  per  100  ml. 

100.0 
100.0 
100.0 
100.0 

mg.  per  100  ml. 

95.1  ±0.5 
100.0  ±  0.5 
105.6  ±  1.0 
113.0  ±  1.2 

ml. 

3.0 
4.0 
5.0 
0.5 

mg. 

-4.9 

±0.0 

+5.6 

+  13.0 

TABLE  rv. 
Comparison  of  the  Behavior  of  Exose  and  Pure  Glucose  of  Equal  Concen- 
tration, as  Determined  by  Rotation,   Towards  Benedict's 
Blood  Sugar  Reagent. 


No.  of  determinations. 

Glucose  in  solution. 

0.64  mg.  equivalent  to 

100  mg.  per  cent. 

Glucose  indicated. 

Type  of  sugar  used. 

4 
3 
4 
4 

100.0 
100.0 

200.0 
200.0 

100.1  ±  0.2 

100.0  ±  0.5 

209.1  ±  1.0 
213.3  ±  1.9 

Exose. 
Glucose  2. 
Exose. 
Glucose  2. 

that  in  5.0  ml.  of  the  original  solution  rather  than  to  that  in  4.0  ml. 
as  used  in  the  standard  tube,  an  increase  of  25  per  cent. 

To  determine  the  effect  of  such  an  increase  in  the  amount  of 
picric  acid  present,  several  samples,  each  containing  0.04  mg.  of 
glucose  in  4.0  ml.  of  water,  were  prepared.  These  samples  were 
treated  with  var\'ing  amounts  of  the  picrate-picric  acid  sohition 
and  after  reduction  were  compared  with  a  sample  prepared  in  the 
standard  manner.  From  Table  III,  in  which  the  results  of  the 
experiment  are  recorded,  it  is  apparent  that  any  increase  in  the 
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amount  of  picric  acid  present  in  the  unknown  might  well  be  re- 
sponsible for  an  indication  of  extra  sugar  when  compared  with  a 
normal  standard. 

In  our  hands  the  method  has  been  reasonabh^  precise;  with  the 
optimum  concentrations  the  precision  was  about  ±  1  per  cent. 
Different  observers  in  the  laboratory  were  able  to  check  each  others 
readings  within  about  the  same  range.  Table  IV  shows  the  es- 
sentially similar  reducing  powers  of  ''Exose"  and  of  purified 
glucose  when  determined  by  this  method. 

TABLE  V. 
Behavior  of  the  Folin-Wu  Blood  Sugar  Method  towards  Various  Concentrations 

of  Glucose. 


No.  of  deter- 
minations. 

Glucose  present. 

Glucose  indi- 
cated: Blood  sugar 
equivalent. 

Error:  Deviation  from 
glucose  actually  present. 

Blood  sugar 
equivalent. 

7ng. 

mg.perlOOml. 

mg. 

percent 

4 

0.05 

25.0 

25.1  ±  1.2 

+0.1 

+  0.4 

4 

0.15 

75.0 

74.9  ±  0.3 

-0.1 

-0.1 

4 

0.20 

100.0 

99.9  ±  0.7 

-0.1 

-0.1 

4 

0.25 

125.0 

125.9  ±  1.2 

+0.9 

+0.7 

4 

0.35 

175.0 

176.4  zt  2.1 

+  1.4 

+0.8 

5 

0.45 

225.0 

228.7  db  5.6 

+3.7 

+  1.6 

5 

0,55 

275.0 

274.4  db  2.8 

-0.6 

-0.2 

C.  Folin-Wu  Method. 

The  Folin-Wu  (4,  5)  method  in  a  sense  stands  midway  between 
that  of  Benedict  and  that  of  Shaffer  and  Hartmann,  since  it  is  at 
the  same  time  a  colorimetric  and  a  copper  reduction  method.  We 
found  it  to  give  very  accurate  and  precise  results  over  an  equiva- 
lent range  of  from  25  to  275  mg.  per  100  ml.  of  blood,  when  used 
with  solutions  of  pure  glucose,  the  greatest  error,  1.6  per  cent, 
occurring  at  the  upper  end  of  the  range.     See  Table  V. 

The  manipulation  we  found  to  be  eas}^,  the  solutions  required 
are  not  difficult  to  prepare,  and  the  colors  obtained  are  of  a  quahty 
and  intensity  which  render  them  easy  to  compare.  The  method  is 
also  extremely  sensitive.  We  were  able  to  detect,  and  to  measure, 
within  0.4  per  cent,  as  little  as  0.05  mg.  of  glucose,  absolute  weight. 
A  solution  of  Exose  which  was  equivalent  to  0.100  per  cent,  as 
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determined  by  rotation,  and  which  had  a  reduction  vakie  of 
0.0997  ±  0.0011  per  cent  by  the  Quisumbing-Thomas  nieihod. 
was  used  as  the  unknown  and  was  compared  with  a  standard 
solution  prepared  as  described  by  the  authors  of  the  method  from 
Sample  2  described  above. 

D.  Hagedorn  Method. 

TheHagedorn  (Host  and  Hatlehol  (8))  method  is  an  iodometric 
method  in  which  the  oxidizing  agent  is  potassium  ferric.yanide. 
The  solution  also  contains  potassium  iodide.  After  reduction 
the  solution  is  acidified  and  the  unreduced  excess  of  ferricyanide 
reacts  with  the  hydriodic  acid,  formed  on  acidification,  to  liberate 

TABLE  VI. 
Determination  of  Pure  Glucose  in  Water  Solutions  by  the  Hagedorn  Method. 


No.  of  deter- 
minations. 

Glucose  present. 

Glucose  indi- 
cated: Blood  sugar 
equivalent. 

Error:  Deviation  of 

Blood  sugar 
equivalent. 

indication  from  glucose 
actually  present. 

mg. 

mg.  per  100  ml. 

rng.  per  100  ml. 

mg. 

per  ce  tit 

5 

0.025 

25.0 

25.3  db  1.6 

+0.3 

+  1.2 

6 

0.050 

50.0 

49.6  ±  2.3 

-0.4 

-0.8 

6 

0.075 

75.0 

74.4  ±  3.0 

-0.6 

-0.8 

& 

0.100 

100.0 

101.4  ±  1.8 

+  1.4 

+  1.4 

6 

0.125 

125.0 

124.8  ±  1.8 

-0.2 

-0.2 

6 

0.175 

175.0 

177.0  ±  2.1 

+2.5 

+  1.4 

11 

0.225 

225.0 

237.7  ±  6.7 

+  12.7 

+5.6 

11 

0.275 

275.0 

292.7  ±  4.8 

+  17.7 

+6.4 

free  iodine.  The  amount  of  iodine  so  hberated  is  determined  by 
titration  with  n/200  sodium  thiosulfate.  The  method  was  found 
to  be  accurate  over  a  range  of  from  25  to  200  mg.  per  100  ml. 
Above  the  latter  concentration,  however,  we  were  unable  to  con- 
firm the  authors'  table.     See  Table  \T. 

The  main  advantages  of  this  method  over  the  ones  more  com- 
monh'  used  in  this  country  appear  to  be  that  it  requires  but  0.10 
of  a  ml.  of  blood  and  that  it  avoids  the  use  of  copper.  This  latter 
point  would  be  of  advantage  only  in  special  cases  as  for  instance 
where  copper  is  precipitated,  as  occasionally  occurs  with  the  fil- 
trates of  blood  from  the  non-mammalians.  However,  the  facts 
that  only  0.01  ml.  of  the  n/200  thiosulfate  solution  is  equivalent 
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to  about  1.8  mg.  of  glucose  per  100  ml.  of  blood,  and  that  the  error 
in  determining  the  end-point  is  of  the  same  order  of  magnitude, 
make  the  precision  of  this  method  somewhat  lower  than  that  of 
the  other  methods  studied.  It  possesses,  on  the  other  hand,  ex- 
treme sensitivity,  0.025  mg.  being  readily  indicated.  For  this 
reason  it  would  have  especial  value  where  only  small  amounts  of 
sugar  are  available  for  determination. 

Because  of  the  high  dilution  of  the  thiosulfate  and  the  great 
significance  of  very  small  amounts  of  it,  the  sensitivity  of  the 
starch  preparation  used  as  the  indicator  becomes  of  considerable 
importance.  It  is  also  of  importance  that  all  of  the  solutions  be 
freshly  made,  as  was  indeed  recommended  bj'  the  original  author. 

E.  Shaffer-Har^tmann  Method. 

This  method  makes  use  of  the  same  blood  filtrate  as  is  used  in 
that  of  Folin  and  Wu.  5  ml.  of  this  filtrate  (equivalent  to  0.5  ml. 
of  blood)  are  treated  with  an  equal  volume  of  the  Shaffer-Hart- 
mann  reagent  and  placed  in  a  boiling  water  bath  for  15  minutes. 
At  the  end  of  this  time  the  tubes  are  removed  from  the  bath  and 
cooled  in  running  water.  Each  is  then  acidified  and  after  a  short 
time,  allowed  for  the  completion  of  the  reaction,  is  titrated  with 
n/200  thiosuKate  solutioQ.  The  value  obtained,  subtracted  from 
that  of  a  blank  titration,  gives  the  thiosulfate  equivalent  to  the 
iodine  which  was  used  in  reoxidizing  the  cuprous  ion.  and  hence  is 
a  measure  of  the  sugar  which  w^as  originally  present. 

To  study  the  behavior  of  this  method,  solutions  of  pure  glucose 
were  so  made  that  5  ml.  of  the  respective  solutions  contained 
sugar  correspondmg  to  that  of  the  filtrates  from  bloods  in  which 
the  sugar  ranged  from  10  to  325  mg.  per  100  ml.  The  results, 
expressed  in  ml.  of  n/200  thiosulfate,  are  given  in  Tables  VII,  VIII, 
and  IX.  In  these  tables  the  number  of  determinations  which  were 
made,  the  absolute  quantities  of  glucose  present,  the  concentra- 
tions of  glucose  in  the  blood  to  which  these  quantities  correspond, 
as  well  as  the  thiosulfate  equivalent  as  given  in  the  tables  of 
Shaffer  and  Hartmann  are  given.  The  tables  show  the  method 
to  be  consistent  with  itself  from  day  to  day  and  with  different 
solutions  and  different  samples  of  glucose. 

All  of  our  determinations  were  made  under  conditions  as  nearly 
simulating  those  described  by  Shaffer  and  Hartmann  as  was  pos- 
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sible,  probably  much  more  closely  than  would  be  the  case  in  ordi- 
nary routine  work.  The  titrations  were  made  in  a  darkened  room 
with  the  light  from  a  Chalet  colorimeter  lamp  reflected  through 
the  solution  from  below.     The  light  for  titration  was  thus  con- 

^  TABLE  VII. 

Determination  of  Pure  Glucose  in  Water  Solution  brj  the  Shaffer-IIartmann 

Method. 


Glucosejpresent. 

n/200  thicsulfate  equivalent  to  glucose  present. 

Blood 
sugar 
equiva- 
lent. 

Shaffer- 

Ilartman 

table. 

Actual  titration. 

Samples  of  glucose  used. 

No.  2. 

No.  1. 

No.  1. 
ml. 

No.  2. 

No.  2. 

No.  2. 

mg. 

m9.  per 

100  ml. 

ml. 

ml. 

ml. 

ml. 

ml. 

ml. 

0.05 

10.0 

0.25 

0.05 

0.03 

0.06 

0.10 

20.0 

0.50 

0.07 

0.07 

0.11 

0.15 

30.0 

0.75 

0.42 

0.37 

0.42 

0.20 

40.0 

1.00 

0.70 

0.76 

0.74 

0.25 

50.0 

1.31 

1.16 

1.07 

1.12 

1.11 

0.50 

100.0 

3.15 

3.  OS 

2.97 

3.01 

3.03 

3.04 

3.03 

TABLE  VIII. 
Determination  of  Pure  Glucose  in  Water  Solution  by  the  Shaffer-Hartmann 

Method. 


Glucose  present. 

n/200  thiosulfate 

equivalent  to  glucose  present. 

Actual  titration. 

sugar 
equivalent. 

Hartmann 
table. 

Samples  of  glucose  used. 

No.  2. 

No.  1. 

No.  2. 

No.  2. 

mg. 

mg.  per  100 
ml. 

ml. 

Vll. 

ml. 

ml. 

ml. 

0.375 

75.0 

2.25 

2.07 

2.00 

2.02 

0.625 

125.0 

4.12 

4.00 

3.94 

3.93 

0.875 

175.0 

5.96 

5.91 

5.92 

5.86 

1.125 

225.0 

7.92 

7.89 

7.82 

7.86 

1.375 

275.0 

9.79 

9.81 

9.81 

9.86 

9.89 

1.625 

325.0 

11.83 

11.93 

11.94 

11.92 

sistent  from  day  to  day.  We  feel  that  the  end-point  may  be  de- 
termined a  little  more  precisely  by  reflecting  the  light  through 
the  solution  in  this  manner  than  by  the  ordinary  procedure. 
It  should  be  emphasized,  however,  that  the  discrepancies  between 
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our  results  and  the  table  of  Shaffer  and  Hartmann,  which  were 
revealed,  in  no  way  depended  upon  this  method  of  hghting  bat 
have  time  and  again  shown  themselves  when  the  titration  was 
done  in  ordinarj^  daylight. 

While  the  differences  between  our  values  and  those  given  by  the 
authors  of  the  method  are  not  large  over  the  range  of  normal  blood 
sugar,  possibly  not  even  significant,  it  will  be  noted  that  there  is 
actual  agreement  only  in  the  extreme  upper  part  of  the  range.  la 
the  region  of  interest  during  insuUn  convulsions  the  difference 

TABLE  IX. 

Compilation  of  All  of  Determinations  of  Pure  Glucose  in  Water  Solution 

by  the  Shaffer-H artmann  Method. 


No.  of 

Glucose  present. 

n/200  thiosulfate  required. 

Mean 
deviation. 

Deviation 
from 

determina- 
tions. 

Blood 

sugar 

equivalent. 

Shaffer- 

Hartmann 

table. 

B.V 

titration. 

Shaffer- 

Hartmann 

table. 

ing. 

mg.  per  100 
ml. 

ml. 

ml. 

ml. 

percent 

14 

0.050 

10.0 

0.25 

0.05 

±0.03 

80 

14 

0.100 

20.0 

0.50 

0.08 

±0.04 

84 

14 

0.150 

30.0 

0.75 

0.40 

±0.04 

47 

11 

0.200 

40.0 

1.00 

0.73 

±0.05 

27 

IS 

0.250 

50.0 

1.31 

1.12 

±0.05 

14 

12 

0.375 

75.0 

2.25 

2.03 

±0.04 

9.8 

22 

0.500 

100.0 

3.15 

3.03 

±0.04 

3.6 

11 

0.625 

125.0 

4.12 

3.95 

±0.04 

4.1 

12 

0.875 

175.0 

5.96 

5.90 

±0.04 

1.0 

12 

1.125 

225.0 

7.92 

7.86 

±0.05 

0.8 

15 

1.375 

275.0 

9.79 

9.85 

±0.06 

0.6 

12 

1.625 

325.0 

11.83 

11.93 

±0.07 

0.8 

becomes  significant  and  in  the  lower  portions  of  the  range  the 
agreement  between  our  results  and  those  of  Shaffer  and  Hartmann 
breaks  down  entirety. 

Our  attention  was  first  directed  to  a  possible  inaccuracy  in  this 
range  by  Miss  Hiller^  of  the  Hospital  of  the  Rockefeller  Institute 
who  had  made  simultaneous  detemiinations  with  the  Shaffer- 
Hartmann  and  the  Hagedorn  methods  upon  glycolyzing  blood. 
The  point  made  by  Miss  Hiller  was  that  during  glycolysis  or  fer- 


1  This  work  has  since  been  published  (7). 


TABLE  X. 

Amounts  of  Glucose  and  Glucose  Concentration  of  Blood  Corresponding  to 

Various  Amounts  of  n/200  Thiosulfate.    Shaffer-Harlmann  Method. 


•6 

3 
o 
a 

H 

§  . 

tea 

< 

11 

■a 

o 

3 

o 

a 

3  O 

|| 

.sl 

l-a 

a 

T3 

§ 
ml. 

1-6 
3.  " 

11 
o  — 
< 

11 

o 

mg. 

•6 

o 

3 

■-  X. 

8- 

3  5 

11 
o  — 

< 

0     . 

Is 
o 

ml. 

mg. 

mg. 

ml. 

mg. 

mg. 

mg. 

va. 

mg. 

mg. 

0.10 

0.100 

20 

3.10 

0.509 

102 

6.10 

0.902 

180 

9.10 

1.282 

256 

0.20 

0.120 

24 

3.20 

0.523 

105 

6.20 

0.914 

183 

9.20 

1.294 

259 

0.30 

0.135 

27 

3.30 

0.537 

107 

6.30 

0.926 

185 

9.30 

1.306 

261 

0.40 

0.150 

30 

3.40 

0.551 

110 

6.40 

0.938 

188 

9.40 

1.318 

263 

0.50 

0.165 

33 

3.50 

0.565 

113 

6.50 

0.950 

190 

9.50 

1.330 

266 

0.60 

0.180 

36 

3.60 

0.578 

116 

6.60 

0.963 

193 

9.60 

1.343 

269 

0.70 

0.195 

39 

3.70 

0.591 

118 

6.70 

0.976 

195 

9.70 

1.356 

271 

0.80 

0.210 

42 

3.  SO 

0.604 

121 

6.80 

0.9S9 

197 

9.80 

1.369 

273 

0.90 

0.220 

44 

3.90 

0.617 

123 

6.90 

1.002 

200 

9.90 

1.382 

276 

1.00 

0.235 

47 

4.00 

0.630 

126 

7.00 

1.015 

203 

10.00 

1.395 

279 

1.10 

0.245 

49 

4.10 

0.643 

129 

7.10 

1.028 

205 

10.10 

1.407 

281 

1.20 

0.260 

52 

4.20 

0.656 

131 

7.20 

1.041 

208 

10.20 

1.419 

283 

1.30 

0.275 

55 

4.30 

0.669 

134 

7.30 

1.054 

211 

10.30 

1.431 

286 

1.40 

0.290 

58 

4.40 

0.682 

136 

7.40 

1.067 

213 

10.40 

1.443 

289 

1.50 

0.300 

60 

4.50 

0.695 

139 

7.50 

l.OSO 

216 

10.50 

1.455 

291 

1.60 

0.315 

63 

4.60 

0.708 

141 

7.60 

1.093 

219 

10.60 

1.467 

293 

1.70 

0.330 

66 

4.70 

0.721 

144 

7.70 

1.106 

221 

10.70 

1.479 

296 

1.80 

0.345 

69 

4.  SO 

0.734 

147 

7.80 

1.119 

223 

10.80 

1.491 

298 

1.90 

0.355 

71 

4.90 

0.747 

149 

7.90 

1.132 

226 

10.90 

1.503 

301 

2.00 

0.370 

74 

5.00 

0.760 

152 

8.00 

1.145 

229 

11.00 

1.515 

303 

2.10 

0.383 

77 

5.10 

0.773 

155 

8.10 

1.157 

231 

11.10 

1.527 

305 

2.20 

0.396 

79 

5.20 

0.786 

157 

8.20 

1.170 

234 

11.20 

1.539 

307 

2.30 

0.409 

82 

5.30 

0.799 

159 

8.30 

1.182 

236 

11.30 

1.551 

310 

2.40 

0.422 

84 

5.40 

0.812 

162 

8.40 

1.193 

239 

11.40 

1.563 

313 

2.50 

0.435 

87 

5.50 

0.825 

165 

8.50 

1.205 

241 

11.50 

1.575 

315 

2.60 

0.447 

89 

5.60 

0.838 

167 

8.60 

1.218 

243 

11.60 

1.587 

317 

2.70 

0.459 

92 

5.70 

0.851 

170 

8.70 

1.231 

246 

11.70 

1.599 

319 

2.80 

Q.471 

94 

5.80 

0.864 

173 

8.80 

1.244 

249 

11.80 

1.611 

322 

2.90 

0.483 

97 

5.90 

0.877 

175 

8.90 

1.257 

251 

11.90 

1.623 

325 

3.00 

0.495 

99 

6.00 

0.890 

178 

9.00 

1.270 

254 

12.00 

1.635 

327 
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mentation  experiments  the  Hagedorn  method  still  indicated  a 
concentration  of  about  20  mg.  per  100  ml.  when  the  Shaffer- 
Hartmann  method  first  registered  zero.  This  was  soon  and 
abundantly  confirmed  in  our  own  laboratory.  It  was  in  fact  this 
circumstance  which  led  to  the  present  study.  In  addition  to 
studies  in  glycolysis  the  lower  portions  of  the  table  are  of  im- 
portance in  glycogen  determinations,  in  the  study  of  blood  sugar 
in  the  invertebrates,  and  doubtless  in  other  phases  of  carbohydrate 
metabolism. 

Table  X  is  constructed  from  the  results  recorded  in  Tables  VII 
and  VIII  by  interpolation  and  is  offered  as  a  substitute  for  Table 
II,  p.  380,  of  Shaffer  and  Hartmann.  It  is  very  strongl}^  urged, 
however,  that  each  investigator  who  uses  this  method  construct 
his  own  table,  rather  than  use  either  ours  or  the  one  of  the  original 
authors. 

II.  Results  of  the  Work  with  Blood. 

A  few  experiments  have  been  carried  out  with  blood  in  order  to 
determine  to  what  extent  the  results  described  in  Part  I  of  this 
paper  may  explain  the  variations  which  have  been  noted  in  practi- 
cal blood  sugar  analyses. 

Oxalated  beef  blood  was  used  in  these  experiments.  As  soon 
as  the  blood  was  received  from  the  slaughter-house  it  was  strained 
through  coarse  gauze  to  remove  any  small  clots  which  might  have 
formed  and  thea  it  was  kept  for  use  at  2°C.,  except  while  samples 
were  being  removed  for  analj'sis.  The  sugar  content  was  first 
determined  simultaneously  by  each  of  the  four  methods.  The 
results  are  given  in  Table  XL  From  this  table  it  will  be  seen  that 
the  first  three  methods  gave  almost  identical  results  but  that  the 
Shaffer-Hartmann  method,  using  their  own  table,  indicated  but 
117  mg.  of  glucose  per  100  ml.  of  blood  as  against  120  or  more  as 
determined  by  the  other  methods.  If  our  table  is  used  the  value 
is  brought  up  to  120  and  compares  favorably  with  that  indicated 
by  the  other  methods. 

In  order  to  determine  the  behavior  of  the  Shaffer-Hartmann 
method  in  the  lower  ranges,  simultaneous  determinations  were 
made  on  5  ml.  of  the  blood  filtrate  and  on  2  ml.  which  had  been 
diluted  to  5  by  the  addition  of  3  ml.  of  water.  From  2  ml.  40 
per  cent  of  the  glucose  indicated  in  the  5  ml.  samples  should  be 
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recovered.  Two  trials  were  made,  with  the  resalts  shown  in 
Table  XII.  It  is  evident  from  these  experiments,  ciuite  apart 
from  our  other  work  and  quite  in  accord  with  the  work  of  Hiller, 
Linder,  and  Van  Slyke,  that  the  table  of  Shaffer  and  Hartmann 


TABLE  XI. 
Sugar  Recovered  from  a  Single  Sample  of  Blood  by  the  Four  Different  Methods. 


Method. 


Benedict 

Folin-Wu 

Hagedorn 

Shaffer-Hartmann.     (Authors'  table.) 
Our  "      . 


Sugar  conteut 
of  blood. 


TABLE  XIL 

Comparison  of  the  Behavior  of  the  Shaffer-Hartmann  Method  when  Used  with 

Two  Different  Amounts  of  Glucose  in  a  Blood  Filtrate. 


Mg.  glucose  per  100  ml.  of  blood, 
calculated  from : 


Sample  A. 
5  ml.  of  blood  filtrate. 
40  per  cent  of  above.  . 
2  ml.  of  blood  filtrate. 

Difference 

Sample  B. 
5  ml.  of  blood  filtrate. 
40  per  cent  of  above . . 
2  ml.  of  blood  filtrate. 

Difference 


o  a 

o.S 
6  6 

i  . 

ml. 

4 

3.54 

3 

0.86 

4 

3.27 

4 

O.SS 

Sliaffer-Hartmann 
table. 


110.1  ±  1.3 
44.0  ±  1.3 
34.5  ±  1.2 

9.5  =  -21% 


103.0  ±  1.2 
41.2  ±  1.2 
35.0  it  2.1 


G.2 


■15% 


Table  X. 


113:9  ±  1.3 
45.6  zfc  1.3 
43.5  ±  1.2 

2.1  =  -4.6% 


106.5  ±  1.2 

42.6  ±  1.2 

43.7  ±  2.1 

1.1  =  +2.6% 


is  not  consistent  over  the  range  here  used.  It  is  apparent,  also, 
that  at  the  blood  sugar  level  of  insuhn  convulsions,  wliich  was  ap- 
proximated in  the  2  ml.  samples,  the  error  arising  from  the  use  of 
the  original  tables  is  considerable,  of  the  order  of  15  or  20  per  cent 
of  the  total  sugar  present. 


302  Blood  Sugar  Determinations 

In  Part  I  it  was  shown  that  the  amount  of  glucose  which  is  in- 
dicated by  Benedict's  method  depends  upon  the  relative  amounts 
of  glucose  in  the  standard  and  in  the  unknown  solution  and  upon 
the  amount  of  picric  acid  present  (Table  III).  It  might  be  sup- 
posed that  any  large  decrease  in  the  amount  of  protein  present 
would  increase  the  amount  of  picric  acid  left  to  oxidize  the  glucose. 

To  test  this  the  sugar  in  a  fresh  sample  of  beef  blood  was  de- 
termined by  the  Benedict  method  (as  described  by  the  author) 
and  found  to  be  107  mg.  per  100  ml.  of  blood.  A  solution  of  pure 
glucose  of  this  concentration  was  prepared  in  0.9  per  cent  sodium 
chloride  solution,  70  ml.  of  the  original  blood  were  diluted  to 
100  ml.  with  this  solution.  In  this  manner  the  sugar  concentra- 
tion was  left  unchanged  while  that  of  the  protein  was  reduced 
30  per  cent.  The  amount  of  picric  acid  in  the  filtrate  should  then 
be  increased  by  30  per  cent  of  the  amount  usually  removed  in  pre- 
cipitating the  protein;  that  is,  30  per  cent  of  the  picric  acid 
which  would  be  in  7.0  ml.  of  the  picrate-picric  acid  solutioa.  This 
would  increase  the  picric  acid  in  an  8.0  ml.  portion  of  the  filtrate 
by  an  amount  equal  to  that  in  0.63  ml.  of  the  picrate-picric  acid 
solution,  an  increase  of  16  per  cent  in  the  available  picric  acid. 
We  have  shown.  Table  III,  that  an  increase  of  25  per  cent  in  the 
available  picric  acid  causes  the  indication  of  5.6  per  cent  of  extra 
glucose,  so  that  the  increase  here  would  be  3.6  per  cent  of  107  or 
3.8  mg.  of  extra  glucose  per  100  ml.  of  blood. 

IG 
Calculation:  —  X  0.056  X  100  =  3.6. 
2o 

We  would  expect,  then,  to  find  indications  for  about  110  mg.  of 
sugar  per  100  ml.  of  the  blood  which  had  been  diluted.  The  fol- 
lowing shows  the  results  of  such  an  experiment. 

Original  blood  unmodified,  Benedict  method 106.7  ±2.8 

Protein  decreased  30  per  cent.     Theoretical  increase 
in  sugar  indicated 3.8 

Theoretical  indication  for  diluted  blood 110.5 

Sugar  content  of  diluted  blood  as  actually  found 111.0  ±1.0 

From  the  figures  just  given  it  is  evident  that  our  supposition  is  at 
least  fair,  and  that  any  considerable  decrease  in  the  blood  proteins 
may  be  expected  to  increase  the  apparent  sugar  content  of  the  blood 
when  the  latter  is  determined  bv  this  method. 


^i 
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To  100  ml.  of  this  same  original  blood  100  mg.  of  pure  glucose 
were  added,  making  a  total  glucose  content  of  the  blood  of  0.20G7 
per  cent.  From  Table  IV  we  would  expect  14  mg.  of  extra  glucose 
to  be  indicated,  so  that  by  this  method  there  should  be  an  indicated 
concentration  of  206.7  +  14.0  =  220.7  mg.  per  100  ml.  of  the 
modified  blood.     The  experimental  figures  are  tabulated  below. 

Original  blood,  unmodified  Benedict  method 106.7  ±2.8 

INIodified  blood,  100  mg.  glucose  added  to  the  above. 206.7 

Increase  expected  from  results  in  Part  I. 14.0 

Expected  indication 220.7 

Actual  indication 221.6  ±1.4 

It  is  thus  evident  that  the  results  with  the  blood  agree  favorably 
with  those  obtained  from  the  solutions  of  pure  glucose  in  Part  I 
of  the  present  paper.  In  further  support  of  this  conception  are 
certain  results  obtained  by  Host  and  Hatlehol  (8)  who  compared 
the  Bang,  Hagedorn,  Folin-Wu,  and  the  Myers  and  Baily  modifica- 
tion of  the  Lewis-Benedict  methods.  They  deteiToined  the  glucose 
of  normal  human  bloods  and  found  that  the  four  methods  agreed 
fairly  closely.  When  glucose  was  added,  however,  so  that  the 
glucose  content  was  actually  in  the  neighborhood  of  0.200  per 
cent,  the  Benedict  method  usually  indicated  an  excess  of  from  6 
to  14  mg.  over  the  other  methods,  which  agrees  weU  with  our 
results. 

DISCUSSION. 

We  have  not  attempted  to  define  the  nature  of  the  reducing  sub- 
stances in  the  blood  but  have  considered  the  behavior  of  the  several 
methods,  first  towards  a  solution  of  pure  glucose  and  then  towards 
the  effective  reducing  substances  of  the  blood  considered  as  pure 
glucose. 

It  has  been  shown  that  errors  may  arise  during  the  progress  of 
blood  sugar  determinations  which  arc  inherent  in  the  method  used. 
These  errors  may  be  due  to  the  relative  amounts  of  the  reacting 
substances  present  in  the  s.ystem,  or  to  other  causes.  It  has  been 
shown  that  some  of  the  discrepancies  between  different  blood  sugar 
methods  need  not  necessarily  be  ascribed,  as  is  so  often  done,  to 
hypothetical  reducing  substances  other  than  ghicose,  which  are 
presumed  to  be  in  the  blood.  Thus  the  extremely  high  sugar 
content  sometimes  indicated  by  Benedict's  method  for  diabetic 
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blood  need  not  necessarily  be  ascribed  to  creatinine  but  ma}'  simply 
be  the  direct  result  of  the  high  glucose  concentration. 

An  increase  in  the  oxidizing  agent  may  hkewise  increase  the 
amount  of  sugar  indicated.  It  is  possible  that  both  of  these 
effects  and  especially  the  latter  might  be  reduced  if  the  final  con- 
centration of  the  oxidizing  agent  could  be  increased.  In  hne  with 
this  suggestion  it  is  interesting  to  note  that  Calvert  (2,  3)  found  the 
Folin-Wu  method  to  behave  in  a  somewhat  similar  manner  when 
the  alkahne-copper-tartrate  solution  was  diluted,  that  is,  when  the 
concentration  of  the  oxidizing  agent  was  reduced.  Stanford  and 
Wheatlej^  (12)  point  out  that  a  large  excess  of  the  copper  tartrate 
is  necessarv^  if  the  reduction  is  to  be  strictly  parallel  to  the  amount 
of  sugar  present.  Apparent!}^  one  of  the  factors  in  the  success  of 
the  Folin-Wu  method  Ues  in  the  great  solubiUty  of  the  oxidizing 
agent  chosen. 

Shaffer  and  Hartmann's  method  has  been  found  to  be  verj^  satis- 
factory to  work  with  when  its  limitations  are  known  and  recog- 
nized. The  technique  is  simple  and  the  results  are  consistent. 
A  lack  of  sensitivity  to  very  low  concentrations  of  glucose  how- 
ever, distinctly  limits  its  field  of  usefulness.  The  origin  of  this 
loss  of  sensitivity  apparently  arises  from  the  introduction  of  the 
iodine  salts  or  of  the  oxalate,  as  otherwise  their  solution  is  very 
similar  to  that  of  Folin  and  Wu,  which  is  apparently  much  more 
sensitive. 

Haskins  and  Holbrook  (6)  have  recently  offered  a  modification 
of  this  method  for  clinical  use.  Altogether  their  modifications 
seem  to  have  decreased  the  reliabihty  of  the  method  without  con- 
tributing much  towards  its  convenience. 

SUMMARY. 

1.  The  behaviors  of  four  different  methods  for  the  determina- 
tion of  blood  sugar  have  been  compared. 

2.  The  Fohn-Wu  and  Hagedorn  methods  were  found  to  be  ac- 
curate and  fairly  precise  when  used  to  determine  the  concentra- 
tions of  pure  glucose  solutions  approximating  those  encountered  in 
blood  analysis. 

3.  It  was  found  that  an  increase  in  the  concentration  of  either 
the  sugar  or  of  the  picric  acid  in  the  Benedict  method  would  lead 
to  high  results,  and  this  is  offered  as  at  least  a  partial  explanation 
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of  the  high  results  obtained  by  this  method  in  certain  pail".'' ,.r;,.^i 
bloods, 

4.  The  Shaffer-Hart mann  method  was  found  to  be  reliable  and 
satisfactorA-  for  concentrations  above  about  25  mg.  per  100  ml. 
of  blood.  Certain  corrections  also  appear  to  be  necessary  to  their 
table.     A  substitute  table  is  submitted. 
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SOME  OF  THE  POTENTIAL  PUBLIC  HEALTH  HAZARDS  FROM  Tlir 
USE  OF  ETHYL  GASOLINE* 

Frederick  B.  Flinn,  A.B.,  Ph.D. 

Assistant  Professor  of  Physiology  in  Industrial  Hygiene,  Columbia  University 


THE  Laboratorj^  of  Industrial 
Hygiene  of  Columbia  Uni- 
versity was  requested  by  the 
Medical  Committee  of  the  Ethyl 
Gasoline  Corporation  to  undertake  an 
investigation  as  to  the  possible  hazards 
that  might  arise  from  the  use  of  tetra- 
ethyl  lead  in  the  gasoline  sold  to 
automobilists. 

Tetraethyl  lead  is  a  colorless  hquid 
with  a  specific  gravity  of  1.62  at  15°C., 
boihng  at  200°C.,  but  not  without 
some  decomposition.  It  is  a  lipoid 
solvent,  attacks  rubber,  and  is  in- 
soluble in  water.  The  fact  that  it 
is  a  lipoid  solvent  brings  us  face  to  face 
with  a  possible  lead  hazard  through 
skin  absorption.  "WTien  exposed  to 
sunlight  or  evaporation,  it  decomposes 
and  forms  as  one  of  its  decomposition 
products  triethyl  lead,  a  poisonous 
compound  whose  pharmacologic  prop- 

*  Received  for  publication  Sept.  1,  1925. 
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erties  have  been  studied  by  Harnack.' 
^Yhen  used  in  the  automobile,  it  is 
added  to  gasohne,  together  with  an 
organic  hahde,   in  the  proportion  of 
1,300  parts  of  gasoline  to  1  part  of  the 
lead    compound;    this   mi.xture    l)oing 
known  to  the  trade  as  ethyl  gasoline. 
The   purpose   of  adding   the  organic 
hahde  is  to  assist  in  the  removal  of 
the  lead  from  the  motor  after  com- 
bustion.    A\Tien    the    Laboratorj-    at 
Columbia   University   was    requested 
to  undertake  this  study,  it  was  still 
proposed  to  use  the  1, ()()()  to  1  mixture. 
As    the    United    States   Jiurcau    of 
Mines  had  already  been  studying  for 
some  months  the  possible  hazard  to 
the  public  from  the  lead  in  the  exhaust 
gases    of    engines    using    this    ethyl 
gasohne,  the  Medical  Committee  sug- 

'  Harnack,  E. :  Ueber  die  WirkunKon 
des  Blei3  auf  den  thieriachcn  OrKani.smu.s. 
Arch.  f.  e.xper.  Path.  u.  Pharniakol.,  187S, 
9,   158. 
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gested  that  Columbia  University  con- 
fine their  efforts  to  the  following 
hazards : 

1.  The  possible  hazard  to  the  tank 
man,  garage  man,  or  anyone  who 
might  get  a  few  drops  of  the  concen- 
trated material  on  his  clothes  or  person 
from  time  to  time  when  handUng 
tetraethyl  lead. 

2.  The  possible  hazard  that  might 
arise  from  splashing  the  ethyl  gasoline 
(1,000  to  1  mixture)  on  the  person;  or 
from  the  cleansing  of  the  hands  or 
clothes  by  the  mechanic  or  by  the 
housewife;  or  while  adjusting  the 
carburetor  or  cleaning  out  the  gas 
line  or  tank;  etc. 

3.  The  possible  danger  from  the 
inhalation  of  ethyl  gasohne  fumes 
from  spillage  in  the  garage  and  other 
places  where  vaporization  may  take 
place. 

Before  our  experiments  were  pro- 
ductive of  results,  an  unfortunate  ex- 
perience occurred  in  an  experimental 
plant  of  the  Standard  Oil  Company 
of  New  Jersey  at  Bayway,  which  was 
engaged  in  a  study  of  an  improvement 
in  the  method  of  manufacture  of  tetra- 
ethyl lead.  A  number  of  the  em- 
ployees working  in  this  plant  became 
poisoned  at  one  time  and  were  placed 
under  observation  at  the  Reconstruc- 
tion Hospital,  New  York  City.  Be- 
fore their  removal  to  the  Hospital, 
one  of  the  men  died.  The  symptoms 
of  the  worst  cases  were  those  described 
by  several  writers  in  cases  of  acute 
lead  poisoning  and  were  very  similar 
to  those  produced  by  ethyl  alcohol.. 
Indications  of  profound  cerebral  dis- 
turbances were  present  in  the  more 
severe  cases.  The  victim  suffered 
from  persistent  insomnia  and  became 
delusional,  extraordinarily  restless  and 


talkative.  There  was  an  exaggerated 
movement  of  all  muscles  of  the  body. 
The  patient  became  maniacal  and  died 
of  eidiaustion.  Four  of  the  men 
transferred  to  the  Hospital  died  within 
a  few  days.  The  rest  of  the  men  were 
discharged  from  the  Hospital  after 
receiving  the  proper  treatment. 

We  took  advantage  of  the  opportu- 
nity to  study  these  cases  at  the  Re- 
construction Hospital  so  that  we 
would  be  in  a  better  position  to  inter- 
pret our  animal  work.  We  found  lead 
in  the  stools  of  eighteen  out  of  twenty- 
nine  men  that  were  examined.  This 
continued  to  be  present  for  several 
months  after  removal  from  exposure. 
We  could  not  detect  any  lead  in  the 
sweat  of  men  subjected  to  thermal 
baths.  Tests  were  also  made  on  the 
skin  with  ammonium  sulphide,  but  the 
findings  were  negative.  Several  speci- 
mens of  spinal  fluid  also  gave  negative 
results.  Stippled  cells  were  found  in 
the  blood  of  nine  out  of  twelve  men 
examined  by  this  Laboratory.  The 
findings  of  the  laboratory  at  the  Hos- 
pital on  a  larger  group  of  men  indicated 
that  50  per  cent,  of  the  men  who  had 
been  exposed  showed  stippled  cells 
in  the  blood. 

The  report  of  the  chief  examiner  of 
New  York  City  on  the  autopsies  per- 
formed on  the  four  men  who  died  at 
the  Hospital  reveals  no  gross  patho- 
logic findings.  No  one  would  have 
been  able  to  say  that  lead  was  the 
cause  of  their  deaths  without  a  chemi- 
cal analysis  or  without  knowledge  of 
where  the  men  had  worked.  This  of 
course  is  in  agreement  with  our  past 
knowledge  as  to  the  pathologic  and 
histologic  findings  in  lead  cases. 

The  autopsies  determined  the  cause 
of  death  "pending  chemical  examina- 
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tion  and  investigation  as  'hemorrhagic 
broncho-pneumonia,  visceral  conges- 
tion' in  two  cases;  'hemorrhagic  bron- 
cho-pneumonia, secondary  anemaa'  in 
the  third;  and  in  the  fourth  'general 
visceral  congestion.'"  We  have  given 
these  data  as  an  aid  to  a  better  under- 
standing of  our  own  findings. 

After   the   unpleasant   accident   at 
Bayway  the  Ethyl  Gasohne  Corpora- 
tion decided  to  remove  any  possible 
hazard  to  the  general  public,  including 
the  garage  man,  from  any  contact  with 
the  concentrated  tetraethyl  lead,  by 
delivering  only  the  1,300  to  1  mixture 
to  the  filhng  stations.     As  a  further 
precaution,  it  is  intended  to  add  a  red 
dye  to  the  gasohne  so  as  to  lessen  the 
possible  hazard  through  skin  absorp- 
tion when   handhng  the  dilute  mix- 
ture.    This  dye  would  act  as  a  deter- 
rent to  the  housewife  or  the  mechanic 
who  might  otherwise  be  tempted  to 
use  some  of  the  gasohne  for  cleansing 
purposes. 

This  precaution    would   also  serve 
as  a  warning  against  the  use  of  ethyl 
gasoline  in  gasoline  stoves  for  cooking 
purposes,  as  well  as  in  the  gasoline 
torches  used   by  painters,   plumbers, 
etc.     We    have    seen    evidence    that 
fine  lead  is  given  off  when  this  gasoline 
is  burned  in  such  apparatus  and  that 
this  fine  lead  remains  in  suspension  for 
several  days.     Just  what  the  extent 
of  this  particular  hazard  is,  we  can- 
not say  as  we  have  made   only  the 
most  preliminary  tests.     But  it  will 
be  necessary  to  educate  the  public— 
if  it  is  possible— to  use  ethyl  gasoline 
only  in  the  automobile. 


Procedure  in  Animal  Experiments 
Chemicals 
The  tetraethyl  lead  used   in  these 


expenments  was  furnished  by  the 
Medical  Committee  of  the  '  Ethyl 
Gasohne  Corporation  and  was  sup- 
posedly the  pure  product.  Wa  pur- 
chased our  gasoline  from  a  filling 
station  in  the  neighborhood  of  the 
Medical  School  and  made  up  our  own 
mix-ture  from  time  to  time  a.s  we 
needed  it. 

Animals 

We  used  matured  rabbits,  guinea- 
pigs,  rats,  goats,  pigeons,  and  monkeys 
in  our  work.     The  animals  were  kept 
under  observation  for  a  period  of  time 
before   they   were   sulijected    to   any 
exposure,  and  their  weights  and  tem- 
peratures were  noted  during  the  whole 
series  of  experiments.     The  red  and 
white  and  differential  cell  counts  were 
made  periodically  on  the  blood  of  the 
goats    and    the    rabbits.     The    i)lood 
smears   were   carefully  examined   for 
stippled   cells.     The   control   animals 
were    kept    away   from    the    exposed 
animals  so  that  they  wouki  not  have  a 
chance  to  accumulate  lead  in  any  way. 
Outside  of  this  precautionary  measure, 
all  of  the  animals  were  treated  in  tiie 
same  manner.     Samples  of  feces  were 
collected  from   time  to  time  and  ex- 
amined for  lead. 

Method  of  Examinatiou 

Blood. — Three  stains  were  used  in 
examining  the  blood  for  stippled 
cells— Wright's,  Gliberfs,  and  Har- 
low's methods,  as  used  and  recom- 
mended by  the  Division  of  Industrial 
Hygiene,  Provincial  I^jani  of  Health 
of  Ontario. 

Ijead. — The  bodies  were  i)umed  at 
a  low  temperature  over  a  gas  (lame  .'^o 
as  to  avoid  any  volatilization  of  the 
lead.     The     chromate     method     de- 
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scribed  by  Fairhall  was  used  in  the 
actual  determination  of  the  lead.  We 
found  it  necessary  to  make  our  solu- 
tion almost  alkahne  if  not  alkahne,  in 
order  to  be  sure  that  the  lead  was 
precipitated  out  by  the  hydroger. 
sulphide.  This,  of  course,  necessita- 
ted the  redissolving  of  the  sulphide 
precipitate  in  a  small  amount  of 
nitric  acid  and  a  reprecipitation  by 
hydrogen  sulphide. 

Skin  Absorption  Tests 
Dosing  of  the  Animals 

We  determined  at  the  beginning  of 
our  work  that  a  man  would  have  ap- 
proximately 10  c.c.  of  gasoHne  left  on 
his  hands  after  washing  them  and  be- 
fore drying  them  on  waste  or  a  towel. 
Using  this  as  a  basis,  we  dosed  our 
animals  in  the  same  proportion  by 
weight,  taking  the  weight  for  man  as 
70  kilos.  We  felt  that  this  was  as 
near  as  we  could  come  to  duphcating 
an  industrial  condition.  Of  course  a 
man  in  a  garage  may  wipe  his  hands 
dry,  but  our  observations  have  led 
us  to  doubt  it  unless  he  is  washing  up 
preparatory  to  going  home.  Gener- 
ally the  last  traces  dry  off  by  vaporiza- 
tion. In  ther  case  of  a  spillage  the 
exposure  would  be  much  greater,  and 
the  average  man  will  not  change  his 
garments  if  gasohne  spills  on  them, 
preferring  rather  to  let  the  gasoline 
evaporate.  However,  one  may  be 
sure  of  a  greater  absorption  with  the 
larger  exposure  if  lead  storage  took 
place  with  our  comparatively  small 
daily  exposure.  Even  if  the  man's 
exposure  should  not  occur  daily,  there 
is  bound  to  be  some  storage  of  lead  as 
the  rate  of  excretion  does  not  equal 
the  rate  of  absorption.     Whether  the 


exposures  will  be  frequent  enough  or 
great  enough  to  make  this  storage  of 
lead  a  factor  in  the  man's  health  is  a 
matter  for  the  health  officer  and  the 
doctor  to  determine  as  they  come  in 
contact  with  those  exposed. 

We  applied  the  ethyl  gasoline  to  the 
skin  by  means  of  a  small  pipette. 
The  gasoline  was  permitted  to  flow 
slowly  from  the  pipette  on  to  the  un- 
injured skin  by  pushing  the  hair  aside 
whenever  it  was  possible.  When  we 
found  it  necessary  to  shave  the  animal, 
several  days  were  allowed  to  elapse  to 
permit  the  skin  to  heal  before  it  came 
in  contact  with  any  gasohne.  We 
took  care  in  all  of  our  work  never  to 
apply  the  ethyl  gasoline  to  any  broken 
skin.  Also,  because  our  observations 
showed  that  the  gasohne  affected  the 
cutaneous  tissue,  we  varied  the  surface 
area  of  the  gasoline  apphcation  from 
day  to  day.  We  did  not  wipe  off  the 
gasoline  from  the  skin  once  it  had  been 
apphed,  but  permitted  it  either  to 
vaporize  or  to  be  absorbed.  We  felt 
that  our  problem  consisted  in  deter- 
mining whether  lead  could  be  absorbed 
from  the  ethyl  gasohne  into  the  body. 
If  lead  is  shown  to  be  absorbed,  the 
precaution  of  wiping  off  any  gasoline 
that  might  come  in  contact  with  the 
skin  is  a  part  of  the  educational 
program  that  must  be  undertaken  if 
ethyl  gasoline  becomes  very  generally 
used.  We  exposed  the  animals  daily 
except  on  Sundays  and  hohdays  and 
when  feces  were  being  collected. 

We  were  very  skeptical  at  the 
beginning  of  our  work  as  to  whether 
or  not  there  was  any  skin  absorption, 
but  felt  rather  that  the  actual  poison- 
ing took  place  through  ingestion  or 
inhalation.  Rabbits  and  guinea-pigs 
have  the  habit  of  cleaning  their  fur 
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with  the  tongue,  and  they  can  be  seen 
doing  this  not  only  to  their  own  bodies, 
but  to  other  animals  of  the  same 
species.  We  tried  to  overcome  this 
by  placing  jackets  on  the  animals, 
but  these  jackets  got  torn  and  obser- 
vations led  one  to  beUeve  that  they 
interfered  with  the  physiologic  activi- 
ties of  the  animal — probably  the  heat 
regulating  mechanism.  At  any  rate, 
the  normal  animals  died  as  readily  as 
the  exposed  ones.  On  account  of  this 
fur  Hcking  habit,  we  decided  to  use 
goats  as  well  as  the  smaller  animals 
in  our  work.  The  goat  is  a  hardy 
animal,  not  susceptible  to  pulmonary 
diseases,  and,  as  far  as  we  have  ob- 
served, has  no  tendency  to  hck  itself. 

Test  Experiment 

In  order  to  determine  whether  ab- 
sorption actually  did  take  place 
through  the  skin  and  not  by  ingestion 
or  inhalation,  we  decided  to  make  the 
following  test,  which  was  repeated  at 
three  different  times. 

A  cat  was  anesthetized  with  ether. 
Tracheotomy  was  performed  and  a 
cannula  placed  in  the  carotid  so  that 
the  blood  pressure  and  the  respiration 
could  be  observed.  The  tube  from 
the  trachea  was  led  away  from  the 
body  in  such  a  way  as  to  preclude  any 
chance  for  the  animal  to  inhale  any 
fumes.  In  order  further  to  safeguard 
against  the  breathing  in  of  any  tetra- 
ethyl  lead  fumes,  an  exhaust  fan  was 
placed  near  the  abdomen  and  an 
electric  fan  at  the  head  of  the  cat. 
Six  cubic  centimeters  of  the  con- 
centrated tetraethyl  lead  were  allowed 
to  flow  from  a  pipette  on  to  the  clipped 
abdomen  and  a  record  was  taken  on 
the  kymograph.  As  far  as  our  records 
show,  there  did  not  seem  to  be  any 


change  in  the  blood  pres-sure  or  the 
respiration.  The  cats  died  at  difTercnt 
intervals,  varying  from  eleven  minutes 
to  two  hours.  A  shght  abrasion  was 
noticed  in  the  skin  of  the  animal  dj-ing 
in  eleven  minutes.  As  soon  a.s  the 
cat  died  the  skin  wa-s  cleaned  with 
alcohol,  to  remove  any  tetraethyl  lead 
remaining  on  it.  The  skin  was  riuickly 
removed  and  the  abdomen  opened  for 
examination.  In  each  case  blisters 
were  observed  all  through  the  al)donii- 
nal  region  and  the  intestines  had  a 
pecuhar  bluish  hue.  The  odor  of  the 
tetraethyl  lead  was  quite  distinct  when 
the  body  was  first  opened.  After  this 
gross  examination,  the  wliole  body 
with  the  exception  of  the  skin  was 
burned  and  the  lead  contents  deter- 
mined. The  average  lead  content  of 
the  three  cats  used  in  this  experiment 
was  found  to  be  0.G51  gm.  of  lead. 
Probably  the  lead  contents  would  have 
been  greater  if  it  had  not  been  for  the 
excessive  ventilation  maintained  to 
prevent  any  possible  inhalation  of  the 
fumes. 

This  experiment  would  seem  to 
indicate  that  there  is  no  doubt  that 
this  lead  compound  is  readily  absorbed 
through  the  skin  and  that  it  must  be 
immediately  washed  off  the  skin  with 
green  soap  and  kerosene  if  it  should 
by  any  chance  get  on  the  body. 
Water  and  ordinary  soap  will  not 
remove  it.  The  Ethyl  Gtisoline  Cor- 
poration is  to  be  commended  on  its 
action  in  removing  this  concentrated 
compound  from  the  public. 

Sununary  of  Hazards  from  Skm  Contact 

Rabbits,  guinea-i)igs,  and  goats  were 
used  in  this  part  of  the  study  which 
had  to  do  with  the  possible  hazards 
that   may  exist   from   ethyl   gasoline 
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coming  in  contact  with  the  skin  and 
a  subsequent  absorption  into  the  body 
of  the  minute  quantity  of  the  lead 
compound    present    in    the    gasoHne. 

We  are  giving  a  summary  of  our 
findings  because,  as  we  have  stated 
before,  the  problem  consists  in  deter- 
mining whether  lead  can  be  absorbed 
and  stored  in  the  body.  It  is  not 
necessary  for  us  to  prove  that  the 
animal  died  of  lead  poisoning  or  how 
much  lead  the  organism  can  store 
before  any  marked  pathologic  symp- 
toms appear.  The  individual  idosyn- 
crasies  vary  too  much  to  make  these 
facts  of  supreme  importance.  Fur- 
thermore, there  is  no  doubt  that  there 
are  many  persons  engaged  in  the 
industries  who  are  subject  to  lead 
exposures.  The  storage  ability  and 
excretory  power  of  these  persons  may 
just  balance  the  lead  intake  and  any 
excess  exposure  may  be  enough  to 
push  them  over  to  the  wrong  side  of 
the  hne. 
Experwzents  on  Rabbits: 

Each  animal  received  0.3  c.c.  of  the 
1,000  parts  of  gasoline  to  1  part  of 
tetraethyl  lead  mixture  practically 
daily  until  it  died.  The  results  of 
these  experiments  are  given  in  Table  L 
The  number  of  exposures  that  the 
animal  underwent  varied  from  6  to  187. 
Twenty-eight  animals  have  died.  The 
average  findings  on  these  animals  are: 

Red  Blood 
Temperature    Weight       Count 

'C,  kilos  per  c.mm. 

Initial 38.9  2.07  4.88 

Final 38.8  2.03  4.86 

Stippled  cells  were  found  in  the 
blood  of  fourteen  of  the  rabbits. 
These  rabbits  did  not  show  any  stip- 
pled cells  at  the  beginning  of  their 


exposure.  The  two  rabbits  which  died 
after  they  had  been  treated  but  6  and 
13  times,  respectively,  showed  only 
traces  of  lead  in  their  carcasses  after 
they  had  been  burned.  An  average  of 
1.93  mg.  of  lead  per  kilo  of  body  weight 
was  found  to  be  present  in  the  carcas- 
ses of  the  rabbits  that  died  in  this 
part  of  the  study.  The  quantity  of 
lead  accumulating  in  the  body  does  not 
always  follow  the  number  of  exposures 
to  which  the  animals  are  subjected ;  but 
there  seems  to  be  no  doubt  as  to  the 
tendency  for  an  increased  amount  of 
lead  storage  in  the  body  with  the 
longer  exposures. 

Excretion. — The  average  rate  of  ex- 
cretion as  shown  by  frequent  examina- 
tion of  the  feces  is  approximately 
0.044  mg.  per  twenty-four  hours,  and, 
so  far  as  our  observations  go,  does  not 
seem  to  increase  with  a  greater  storage. 

Behavior. — The  animals  did  not 
show  any  signs  of  ill  health  during 
the  exposure  until  several  days  before 
they  died.  During  the  last  two  or 
three  days  before  death  the  animal  as  a 
general  thing  became  quiet  and  fre- 
quently hunched  up  as  if  suffering 
from  colic.  If  the  animal  was  re- 
moved from  the  exposure  as  soon  as 
the  first  symptoms  of  ill  health  ap- 
peared, it  soon  recovered.  Four  of 
the  animals  developed  tremors  and 
spasms  just  before  the  end.  One  of 
the  rabbits  which  had  received  185 
applications  became  completely  para- 
lyzed in  the  hind  quarters  two  days 
before  death.  This  rabbit  showed  4.9 
mg.  of  lead  per  kilo  of  body  weight. 
Several  of  the  rabbits  aborted,  but  the 
fetuses  were  not  examined  for  lead. 

Autopsy. — An  autopsy  was  per- 
formed on  each  am'mal  that  died  and 
revealed  nothing  more  than  was  found 
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in  the  control  animals  when  they  were 
killed  or  died  except  that  there  was 
the    consistent    presence   of   a   white 


down  of  the  circulation.  If  this  is  the 
correct  explanation  it  will  corrolwrate 
what  has  been  observed  on  men  who 


TABLE  l.-RESULTS  OF  EXPERIMENTS  ON  TWENTY-EIGHT  R..VHRITV.  tuat 

DIED  AFTER  BEING  TREATED  WITH  ETHYL  GASOLINE 

{Dosage:  0.3  c.c.  of  1,  OOP  parts  gasoline  to  1  part  tetraethyl  lead) 


NUMBER 

OP 
ANIMAL 


82 

9 

122 

13 

143 

16 

17 

18 

19 

20 

21 

23 

24 

26 

30 

31 

33 

34 

35 

36 

37 

38 

40 

41 

502 

752 

76 

77 


NUMBER 
OP  DOSES 


85 
49 
44 
85 

185 
52 
77 
74 
35 
6 
17 
13 
61 
24 

175 

42 

52 
187 

70 
175 

27 

45 

70 

25 

36 

35 

24 

45 


TEMPERATURE 


Initial      Final 


39.4 
39.2 
39.0 
39.0 
39.0 
39.0 
39.0 
39.0 
38.6 

as.  6 

38.6 
38.6 
39.0 
38.4 
38.0 
39.2 
39.4 
39.8 
39.2 
39.0 
38.8 
38.8 
39.0 
38.8 
38.9 
38.6 
39.0 
39.0 


WEIGHT 


Initial     Final 


39.2 

38.5 

38.9 

38.9 

39.2 

38.8 

39.2 

38.4 

38.3 

38.6 

38.1 

39.5 

38.6 

38.8 

38.6 

38.7 

39.2 

39.0 

39.2 

38.8 

38.8 

38.8 

39.0 

38. 8 

39.0 

38.8 

39.0 

39.2 


kilos 

1.53 

3.31 

2.17 

1.63 

2.35 

1.57 

2.29 

1.95 

2.02 

2.07 

2.47 

2.37 

2.27 

2.02 

1.64 

1.73 

2.30 

1.81 

1.37 

1.63 

1.34 

1.61 

2.46 

1.45 

3.42 

2.65 

1.88 

2.86 


kilos 

1.70 

2.12 

1.76 

1.71 

3.13 

1.87 

2.03 

1.40 

1.91 

2.07 

2.38 

2.31 

2.13 

1.38 

2.01 

1.72 

1.90 

2.75 

1.50 

2.22 

1.15 

1.70 

2.54 

1.00 

3.33 

2.34 

2.00 

2.90 


RED  BLOOD  COUNT 


Initial     Final 


per 
c.  mm. 

4.58 

5.20 

5.72 

4.09 

4.35 

4.68 

4.55 

4.37 

4.54 

4.38 

4.74 

4.88 

5.30 

4.82 

4.82 

4.65 

4.66 

5.02 

5.14 

5.08 

4.82 

4.82 

4.87 

4.68 

5.45 

5.58 

5.10 

5.77 


per 
c.  mm. 

4.82 

5.20 

5.31 

4.64 

4.72 

4.61 

4.60 

4.86 

4.62 

4.62 

4.86 

4.80 

4.90 

4.86 

4.88 

4..8.S 

5.00 

4.87 

5.02 

4.88 

4.60 

4.60 

4.80 

4.64 

5.04 

5.76 

4.71 

5.12 


stip- 
pling' 


+ 
+ 

+ 
+ 


+ 


+ 
+ 
+ 
+ 
+ 

+ 

+ 


'  +  indicates  stippled  cells  found;  -  indicates  no  stippled  cells  found. 

2  These  rabbits  showed  tremors  and  spasms  before  death. 

'  This  animal  became  completely  paralyzed  several  days  before  death. 


LEAD 
PER  KILO 
OP  liODY 
WEIGHT 


mg. 

3.44 
0.78 
0.S6 
3.23 
4.90 
0.85 
2.30 
1.83 
0.50 
trace 
0.30 
trace 
3.15 
1.97 
3.90 
1.75 
1.82 
1.79 
3.38 
4.05 
1.'20 
1.85 
2.68 
1.15 
l.M 
1.72 
1.38 
1.78 


blood  clot  in  the  right  auricle  of  the 
leaded  animals.  This  was  also  ob- 
served in  several  supposedly  sound 
animals.  The  ante  mortem  clot  i.s 
usually  accounted  for   by  a  slowing 


have  been  exposed  to  the  compound, 
namely,  a  lowered  blood  pressure. 
One  man,  in  whose  twenty-four-horir 
urine  sample  we  had  found  1*2  nip.  of 
lead,   had  a  systolic   jiressurc  of  90. 
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Experiments  on  Guinea-Pigs: 

Ten  pigs  were  used  in  this  part  of 
the  experiment.  They  received  0,1  c.c. 
of  the  1,000  to  1  mixture  on  their  un- 
broken  skin   daily   until   death    (see 

TABLE    2.— RESULTS    OF    EXPERI- 
MENTS ON    TEN    GUINEA-PIGS 
TREATED  WITH  ETHYL 
GASOLINE 
(Dosage:  0.1    c.c.    of   1,000    to    1    mixture) 


NUMBER 

NUMBER 

WEIGHT 

LEAD 
PER 

OF 

OF 

KILO  OP 

ANIMAL 

DOSES 

Initial 

Final 

BODY 
WEIGHT 

kilos 

kilos 

mg. 

8 

26 

0.315 

0.290 

1.10 

91 

23 

0.330 

0.290 

1.25 

10 

30 

0.367 

0.324 

1.50 

112 

4 

0.352 

0.332 

trace 

122 

2 

0.298 

0.310 

trace 

13 

23 

0.267 

0.260 

1.20 

141 

18 

0.587 

0.545 

1.00 

15 

8 

0.637 

0.632 

0.00 

161 

46 

0.715 

0.340 

1.75 

17 

10 

0.620 

0.020 

0.75 

1  These  animals  had  tremors  and  con- 
VTiIsions  before  death. 

2  These  animals  were  sacrificed  to  see  if 
any  lead  was  being  absorbed  at  the  time  of 
the  trouble  at  the  Bay  way  Plant. 

Table  2).  The  number  of  exposures 
varied  from  2  to  46.  The  average 
initial  weight  was  0.449  kilos  and  the 
average  final  weight  0.394  kilos.  The 
average  lead  per  kilo  of  body  weight 
was  found  to  be  0.855  mg.  Three 
pigs  had  convulsions  and  tremors 
before  death. 
Experiments  on  Goats: 

Seven  goats  were  given  2  c.c.  of  the 
1,000  to  1  mixture  daily  by  skin  appli- 
cation (see  Table  3) .  Their  exposures 
have  varied  from  86  to  114.  Two  of 
these  goats  have  aborted  and  an 
analysis  of  the  fetuses  showed  that 


they  contained  an  average  of  3.45  mg. 
of  lead.  Stippled  cells  were  not  found 
in  the  blood  for  over  two  months 
after  the  exposures  began  but  they 

TABLE    3.— RESULTS    OF    EXPERI- 
MENTS ON  GOATS  TREATED 
WITH  ETHYL  GASOLINE 

(Dosage:  2  c.c.  of  1,000  to  1   mixture) 


fe 

b 

o    , 

O 

o 

^< 

«  « 

•z 

H  a 

g  « 

a 

REMARKS'" 

a  HH 

«    02 

cu 

;g  z 

S  o 

!U 

P  < 

0    P 

H 

z. 

Z 

M 

88 

114 

_1- 

Daily  rate 

of  < 

jxcre- 

89 

86 

+ 

tion   0.1 

mg. 

The 

90 

86 

+ 

animals 

are 

still 

91 

86 

+ 

alive. 

92 

87 

+ 

93 

86 

+ 

94 

86 

— 

(Dosage:  1    c.c.    of    concentrated    tetraethyl 
lead) 


95 

4016 


60 
59 


+ 


Daily  rate  of  excre- 
tion 0.56  mg. 


1  +  indicates  stippled  cells  found;  — 
indicates  no  stippled  cells  found.  Stip- 
pling did  not  begin  to  show  in  these  animals 
until  they  had  received  a  number  of  doses. 

2  Goat  88  showed  weakness  in  the  hind 
quarters  and  was  very  nervous.  Goats  88, 
93,  95,  and  4016  each  aborted. 

Goat  93  showed  weakness  especially  in 
the  left  hind  leg. 

Goats  95  and  4016  were  very  quiet  and 
stood  hunched  up  at  times  as  if  they  had 
colic. 

have  increased  in  numbers  as  time 
went  on.  One  goat  which  had  re- 
ceived 114  doses  of  the  dilute  solution 
showed  a  marked  muscular  weakness 
in  the  hind  quarters.  One  other  goat 
showed  the  same  effect  to  a  sHght 
degree. 

Two  goats  were  given  1  c.c.  of  the 
concentrated  tetraethyl  lead  daily  for 
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approximately  two  months.     Both  of  Numerous  inc,uiriGs  at  lilling  st.ations 

these  goats  have  aborted.     One  died  seem  to  indicate  that,  if  a  man  were 

after  receiving  60  exposures.     It  had  careful,  the  spiUage  around  a  j.ump 

very  marked   weakness   in   the   hind  should  not  amount  to  more  than  U 

quarters   for  several   days   before   it  gallons    a    day.     But    even    if    thie 

died.     The  day  that  it  died  it  was  un-  amount  is  correct,  the  concentration 

able  to  stand  or  to  use  its  hind  hmbs,  in  the  immediate  atmosphere  would 

and  spent  the  whole  day  crying.     An  vary  from  time  to  time,  depending  on 

analysis  of  the  various  organs  showed  the  area  over  which  the  gasoUne  spread 

the   lead    to    be    distributed    in    the  itself,  on  the  temperature,  and  on  the 

foUowmg  manner:  air  movements.     Again   it   does   not 

Lead  necessarily  follow  that  the  man  at  the 

Weight     Content  station  is  exposed  to  the  fumes  for 

gm.  mo.  more  than  a  few  minutes  at  a  time  or 

^^^^° 60  3.36  for  many  minutes  a  day.     In  consider- 

^"°f -f  1-74  ing  this  hazard  one  must  bear  in  mind 

Liver '': :::::::::::    250     \Z    *^^*  ^-  ^-  ^^"^^^^^^^  ^^«  «^^^^'^  ^^^^ 

Heart 125  2  93  ^^^^'  ^  "^^°  ^^  ex-posed  to  a  mixture 

Muscle 0. 672  of  air  and  l)enzene  80  per  cent,  of  the 

^^"6 4  862  benzene  is  absorbed.     The  same  thing 

^''*^^*^°^^ not  taken  3.27  may  be  expected  to  hold  true  for  a 

Both  of  the  goats  receiving  the  con-  °'^-"'*"'"  i  't,  ^""^  ^'f^'' .  ^^  *^'^^ 

centrated    lead    compound    remained  f^o^^^^  should  contain  lead,  it  would 

quiet  and  hunched  up  as  if  in  pain  ^^  ^  ^^/t  e.>^'f"ejit  method  for  getting 

most  of  the  time.  *^^  "^^*^^  '"^^  *^^^  ^^^^  through  the 

The  goats  being  treated  with  the  ""^^* 

1,000  to  1  mixture  excreted  an  average  m        .  tt  .■       ^     ^,      , 

of  0.1  mg.  of  lead  each  twenty-four  ^^'''"^^  Evaporation  tn  a  Ga.  Chamber 

hours.  The  goats  receiving  the  con-  In  our  study  of  the  ethyl  ga.^oline 
centrated  tetraethyl  lead  excreted  an  fumes  we  made  use  of  a  gas  chamber 
average  of  0.56  mg.  each  twenty-four  containing  approximately  180  cubic 
^ours.  feet  of  air.     The  air  in  this  chamber  is 

changed  once    in    ten    minutes   or   6 
l^UME  Hazard  Tests  times  an  hour  by  means  of  an   air 

At  the  very  beginning  of  our  work  ^°^^*  °^^^  ^^^  ^^^^  °^  ^^^^  chamber  and 

we  reahzed  that  it  would  be  hard  to  ^"  outlet  in  the  ceiling.     The  ethyl 

duphcate  the  actual  conditions  that  g^soUne  fumes  were  admitted  with  the 

may  be  present  around  a  fihing  station  incoming  air  in  sufficient  quantity  to 

or  a  garage.     No  data  were  available  i^iaintain  a  predetennined  dilution  of 

as   to   the   concentration   of  gasohne  g^sohne  fumes  in  the  chamber.     This 

that    may    occur    at    such    locahties.  '^^''^^    accomplished    by    bubbhng    air 

These    data   would    have    been    very  through  an  ethyl  gasoline  mixture  in  a 

valuable  to  us  in  planning  our  work.         ^  \ibaugh,    R.    P.:  Hrnzono   P..iHoninK. 
„  _        ^  Mod.  Med.,   1919,  /,  670:  abstr.  in  Chem. 

Per  100  gm.  Abstr.,  1920,  14,  573. 
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bottle  at  the  proper  rate.  We  did  not 
evaporate  all  of  the  gasoline  in  the 
bottle  because  it  has  been  observed 
that  there  is  a  concentration  of  the 
tetraethyl  lead  as  the  Hghter  portions 
of  the  gasoline  are  evaporated.  For 
example,  we  found  that  we  would  have 
no  difficulty  in  evaporating  400  c.c. 
of  ethyl  gasoline  spilled  on  nonporous 
material  under  out-of-door  conditions 
in  four  hours.  Four  samples  of  400 
c.c.  of  gasoline  were  evaporated  in 
shallow  glass  dishes  under  natural 
conditions  out  of  doors.  Some  of  the 
tetraethyl  lead  in  the  gasohne  de- 
composed and  the  yellow  crystals 
of  hydrated  triethyl  lead  salt  were 
formed.  An  analysis  of  the  four  resi- 
dues showed  that  they  contained  on 
the  average  0.108  gm.  of  lead.  The 
original  400  c.c.  contained  0.372  gm.  of 
lead.  This  is  what  one  might  expect 
under  industrial  conditions,  and  the 
man  would  also  have  some  exposure 
to  these  fine  crystals  of  the  lead  salt 
as  well  as  to  the  ethyl  gasoline  fumes. 

In  our  work  we  endeavored  to 
evaporate  400  c.c.  of  the  GOO  c.c.  of 
gasoline  that  the  bottle  would  contain 
during  the  four  hours  that  the  animals 
were  exposed  in  the  gas  chamber.  As 
far  as  we  could  determine,  the  air  of 
the  chamber  during  our  experiments 
contained  0.04  mg.  of  lead  per  cubic 
foot. 

Before  we  exposed  our  animals  to 
ethyl  gasoline  fumes  of  this  concentra- 
tion, we  exposed  them  to  the  same 
concentration  of  gasoline  fumes  which 
did  not  contain  lead  for  twenty  hours 
a  day  for  one  week.  At  the  end  of  this 
preliminary  period,  the  animals 
showed  no  ill  effects  and  we  felt  that 
our  predetermined  concentration  of 
gasoline  in  the  eth}^  gasoline  fumes 


would  not  injure  them  in  any  way 
when  they  were  exposed  for  only  four 
hours  a  day.  Any  ill  effects  that 
might  be  observed  in  the  animals  we 
felt  sure  must  be  ascribed  to  the  lead 
in  the  ethyl  gasoline  fumes. 
Animal  Experiments: 

Goats,  rabbits,  guinea-pigs,  mon- 
keys, pigeons,  and  rats  were  exposed 
in  the  gas  chamber,  for  an  average  of 
four  hours  a  day,  to  the  fumes  of 
ethyl  gasohne  of  the  aforestated  con- 
centration. Care  was  taken  that  no 
food  or  other  material  that  might  be 
gnawed  was  present.  The  only  way 
that  lead  could  have  entered  the  body 
was  through  the  respiratory  tract 
unless  some  vapor  should  have  been 
deposited  on  their  fur,  which  is  highly 
improbable.  Strangely  enough,  our 
albino  rats  seemed  more  sensitive  to 
the  fumes  than  the  rest  of  our  experi- 
mental animals.  The  total  number  of 
hours  that  the  animals  were  under 
exposure  varied  from  30  to  265  (see 
Table  4).  As  before,  we  do  not  claim 
that  lead  was  the  cause  of  death, 
especially  in  the  cases  of  those  animals 
that  died  after  a  short  exposure. 
Smears  of  the  goats'  and  rabbits' 
blood  did  not  reveal  any  stippled  cells 
when  the  exposure  began,  but  as  the 
number  of  hours  of  exposure  increased, 
stippled  cells  were  observed  in  every 
case.  The  animal  usually  became 
quiet  and  hunched  up  for  several  days 
before  it  died.  As  in  the  cases  of  the 
men  at  the  Reconstruction  Hospital 
and  of  the  animals  dying  after  skin 
exposures,  the  autopsies  gave  no 
special  findings.  An  analysis  of  the  car- 
casses of  thirty-nme  animals  that  died 
showed  that  they  contained  on  an 
average  5.52  mg.  of  lead  per  kilo  of 
body  weight. 


J.  I.  H. 

Feb.,  1926  I 


POTENTIAL  HAZARDS  FROM  ETHYL  GASOLINE 


Gl 


TABLE    4.— RESULTS    OF    EXPERI- 
MENTS ON  ANIMALS  EXPOSED 
TO  FUMES  RESULTING  FROM 
EVAPORATION  OF  ETHYL 
GASOLINE    IN    A    GAS 
CH.IMBER 


ANIMAL 


Monkey. . . 
Guinea-pig 
Monkey. . . 
Guinea-pig 
Guinea-pig 
Guinea-pig 
Guinea-pig 

Rat 

Guinea-pig 

Pigeon 

Rat 

Goat 

Rat 

Goat 

Rat 

Rat 

Rat 

Rat 

Guinea-pig. 

Rat 

Rat 

Rabbit 

Guinea-pig. 
Guinea-pig. 
Guinea-pig. 
Guinea-pig. 

Rat 

Rat 

Rabbit 

Rat 

Rat 

Rat 

Rat 

Rat 

Rat 

Rabbit 

Rat 

Rat 

Guinea-pig. 


O 
< 

a 
» 

o 

X 

w 

« 
O 

o 

<  2 

hi 

kilos 

mg. 

3.200 

30 

0.075 

0.552 

56 

0.235 

3.000 

56 

0.166 

0.352 

70 

2.272 

0.365 

70 

2.328 

0.507 

70 

1.341 

0.540 

70 

1.666 

0.128 

88 

7.812 

0.480 

96 

0.625 

0.280 

96 

1.071 

0.135 

96 

5.925 

13.200 

100 

0.015 

0.119 

100 

6.720 

14.500 

114 

0.068 

0.141 

148 

12.056 

0.123 

150 

16.016 

0.138 

152 

6.884 

0.142 

152 

7.404 

0.365 

167 

5.068 

0.140 

167 

11.000 

0.138 

174 

10.652 

1.660 

175 

1.927 

0.410 

176 

3.487 

0.348 

178 

2.298 

0.367 

178 

3.269 

0.595 

178 

1.848 

0.122 

179 

9.016 

0.125 

188 

12.000 

2.040 

193 

1 .  259 

0.147 

210 

11.224 

0.135 

224 

7.333 

0.152 

238 

6.644 

0.124 

241 

8.145 

0.128 

254 

7.812 

0.137 

258 

7.299 

2.520 

258 

1.765 

0.130 

260 

14.460 

0.157 

200 

12.5-47 

0.480 

265 

3.479 

One  of  the  guinea-pigs  gave  birth 
to  two  pigs.  Neither  the  mother  nor 
her  young  were  exposed  to  lead  after 
their  birth.  The  two  young  pigs 
lived  seven  days,  then  had  convulsions 
and  died.  An  analysis  showed  that 
their  bodies  contained  0.(3  and  0.G8 
mg,  of  lead,  respectively. 

Lead  was  found  in  the  excreta  of  all 
the  animals  exposed.  None  of  the 
control  animals  showed  lead  when  their 
carcasses  were  burned  and  analyzed. 

Through  Natural  Evaporation 

Test  1 . — This  experiment  took  place 
on  the  roof  of  the  building  where  the 
rate  of  the  vaporization  depended  on 
the  natural  air  movements  and  tem- 
perature during  the  day  and  night. 
The  fumes  were  not  confined  and  could 
disperse  into  the  surrounding  atmos- 
phere according  to  the  ordinary  physi- 
cal laws. 

For  this  work  we  took  a  galvanized 
iron  pan  30  inches  in  diameter  and  20 
inches  deep.  The  bottom  of  this 
container  was  flat.  A  movable  false 
bottom  of  one-half-inch  mesh  screen 
was  placed  11  inches  above  the  bottom. 
Each  morning  we  poured  1,800  c.c.  of 
ethyl  gasoline  on  the  bottom  of  the 
pan  after  it  had  been  thoroughly 
■cleaned  and  dried.  The  moval)le  false 
bottom  was  then  placed  in  position  and 
on  it  were  placed  ten  albino  rats.  The 
top  of  the  pan  was  left  open  to  the 
natural  air  movements,  except  for  one- 
half-inch  screen  placed  on  the  toj)  to 
keep  the  rats  from  jumping  out.  The 
rats  were  exposed  to  the  fumes  rr.'^tilt- 
ing  from  the  natural  evaporation  of  the 
tetraethyl  gasoline  for  twenty-two 
hours  daily  for  seven  days.  For  two 
hours  each  day,  the  rats  were  removed 
to  give  them  a  chance  to  eat  and  drink, 
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and  to  permit  the  cleaning  of  the  con- 
tainer. It  was  observed  that  approxi- 
DQately  200  c.c.  of  gasohne  were  left 
unevaporated  at  the  end  of  the  twenty- 
two  hours.  At  the  end  of  the  seven 
days,  the  rats  were  killed  and  ex- 
amined. An  average  lead  content  of 
26.6  mg.  per  kilo  of  body  weight  was 
found.  There  was  no  way  that  the 
rats  could  have  come  in  contact  with 
any  lead  except  through  the  fumes 
formed  by  the  natural  evaporation  of 
the  ethyl  gasoline.  There  was  no 
dust,  as  the  bottom  of  the  pan  was  still 
moist.  We  feel  after  this  experiment 
that  there  can  be  no  doubt  in  our 
own  minds  that  the  lead  concentration 
in  the  ethyl  gasoline  fumes  is  of  suffi- 
cient degree  to  cause  lead  storage  in 
the  body  in  appreciable  quantity. 

In  reporting  this  test,  we  do  not 
claim  that  man  has  the  same  exposure 
that  these  rats  had.  That  the  ex- 
posure of  the  animals  was  not  unduly 
severe,  however,  is  plainly  indicated 
by  the  fact  that  they  did  not  exhibit 
any  distress  from  the  gasoline  fumes, 
but  acted  in  a  perfectly  normal  man- 
ner during  the  whole  day  whenever 
they  were  observed.  Of  course  no 
man  will  be  exposed  to  fumes  for 
twenty-two  hours  a  day  continuously, 
nor  will  he  be  standing  over  a  pool 
of  gasoline. 

Test  2: — In  order  further  to  study 
the  hazard  of  ethyl  gasoline  fumes 
we  erected  a  pen  10  feet  long,  4  feet 
wide,  and  3|  feet  high  in  a  large  yard 
in  a  neighboring  suburb.  We  placed 
a  roof  over  the  pen  to  shut  out  the 
rain.  This  roof  was  not  very  tight, 
however,  because  of  cracks  between 
the  boards  which  permitted  the  escape 
of  fumes.    Three  sides  of  the  pen  con- 


sisted of  wire  screening  and  the  fourth 
side  was  formed  by  the  side  of  a  build- 
ing. Any  prevailing  winds  could 
sweep  through  the  pen.  The  floor 
was  made  of  loose  stones  covered  with 
dirt.  This  dirt  was  removed  from  the 
floor  every  so  often  so  as  to  keep  the 
pen  sanitary.  About  18  inches  from 
the  open  end  of  the  pen  a  circular 
enclosure  of  wire  netting  having  a 
diameter  of  12  inches  was  erected  and 
extended  from  the  ground  nearly  to 
the  roof.  The  bottom  of  this  enclo- 
sure was  hollowed  out  to  a  depth  of  6 
inches  below  the  surface  of  the  sur- 
rounding floor.  A  bucket  containing 
ethyl  gasoline  was  suspended,  in  this 
circular  enclosure,  from  the  roof.  In 
this  bucket  were  placed  two  lamp 
wicks  which  hung  over  the  sides  of 
the  bucket  and  rested  on  two  boards 
fastened  together  in  the  shape  of  a 
V.  The  point  of  this  V  rested  on  a 
plate  in  the  bottom  of  this  enclosure. 
The  wicks  permitted  a  slow  flow  of 
ethyl  gasoline,  by  means  of  capillary 
attraction,  from  the  can  on  to  these 
boards.  The  gasoline  evaporated  as  it 
flowed  down  the  boards.  Any  gaso- 
line that  did  not  evaporate  was  col- 
lected in  the  plate  and  any  overflow 
from  the  plate  had  the  opportunity 
to  soak  through  the  loose  stones  into 
the  ground.  The  floor  of  the  pen  did 
not  get  wet  from  any  gasoline  so  far 
as  our  observations  went.  The  bucket 
was  loosely  covered  so  as  not  to  inter- 
fere with  the  capillary  flow.  We 
found  that  we  could  evaporate  about 
2  quarts  of  gasohne  each  twenty-four 
hours. 

Fifteen  rabbits  were  placed  in  this 
pen  and  were  constantly  exposed  to 
any  fumes  that  might  be  present  in  the 
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atmosphere.  These  rabbits  had  the 
freedom  of  the  pen  and  could  run 
aromid  at  will.  But  under  no  cir- 
cumstances could  they  come  in  contact 
with  any  gasoline  fluid.  Food,  which 
was  given  them  twice  a  day,  was 
quickly  eaten.  In  carrying  out  this 
experiment,  we  felt  that  we  were  ex- 
posing the  animals  under  more  natural 
conditions  than  in  some  of  our  other 
work.  The  animals  were  active  and 
showed  no  signs  of  being  under  any 
exposure.  In  fact  anyone  seeing 
them  would  say  that  they  were  in 
excellent  condition.  They  all  gained 
weight. 

We  did  not  analyze  their  feces  nor 
make  any  blood  examination  as  we 
were  principally  interested  in  learning 
whether  or  not  the  rabbits  under  these 
conditions  would  absorb  lead.  Visi- 
tors often  remarked  that  the  gasoline 
fumes  were  no  more  in  evidence  than 
around  filhng  stations,  if  as  much. 

After  these  animals  had  been  con- 
stantly exposed  from  June  6  to  July 
17,  five  of  the  animals  were  killed  to 
see  if  any  storage  of  lead  had  taken 
place  within  that  time.  A  chemical 
analysis  showed  that  they  had  stored 
an  average  of  1 .72  mg.  of  lead  per  kilo 
of  body  weight.  This  experiment  con- 
firmed our  previous  observation  as  to 
the  ease  with  which  the  lead  can  be. 
absorbed  by  the  organism  from  the 
air-gasoline  mixture.  We  did  not 
determine  the  concentration  of  the 
gasohne  in  the  air  because  it  varied  so 
much  with  the  temperature  and  the 
air  movements.  During  the  period 
between  June  6  and  July  17  we  had 
some  of  the  hottest  weather  of  the 
year;  we  had  also  considerable  cloudy 
weather  and  rain  with  high  winds. 


Possible  Haz.\rd  from  Contact 
WITH  Tetraethyl  Lkad 

The  few  experiments  noted  below 
will  indicate  the  possible  hazard  from 
any  concentrated  tetraethyl  lead  that 
might  be  present  through  a  concentra- 
tion of  the  gasohne  Ijy  vaporization. 
This  hazard  is  also  one  of  those  with 
which  the  manufacturer  has  to 
contend. 

Rabbits  and  guinea-pigs  were  used 
in  these  experiments;  0.01  c.c.  of  the 
concentrated  ethyl  lead  compound  was 
allowed  to  flow  from  a  small  pipette 
on  to  the  skin  of  the  animal  daily 
until  death  ensued. 

Summary  of  Experiments  on  Five 
Rabbits 

The  animals  received  from  13  to  19 
doses  before  dying.  The  average  find- 
ings are  as  follows: 

Red  liloo'i 
Temperature    Weight      Count 

°C.  kilot  per  c.  mm. 

Initial.....  38. 7  'J.'244.'>  4  77 

Final 39.8  •-'.•J040  1  71 

An  average  of  1.79  mg.  of  lead  was 
found  in  the  viscera  of  the  raljl^ts 
(see  Table  5).  Stippleil  cells  were 
found  in  two  of  the  rabliits  which 
received  18  and  19  doses.  .\ll  of  the 
rabbits  became  quiet  a  couple  of  days 
before  they  died.  This  ciuictne.s.-^ 
was  succeeded  by  tremors,  exaggcr.'it od 
nmscular  movements,  and,  linally. 
convulsions. 

A  histologic  examination  of  the 
various  organs  gave  no  indication  of 
any  change  that  we  could  say  came 
from  the  tetraethyl  lead  c.\po.surr. 
Brain  lesions  were  ol^served  but  the 
same  lesions  are  noticed  in  oO  per  cent, 
of  the  normal  animals  examined. 
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Summary  of  Experiments  on  Five 
Guinea-Pigs 

The  pigs  received  from  8  to  20  doses 
before    dying.     The    average    initial 


gasoUne  by  the  pubhc  without  some 
educational  campaign.  While  man  is 
not  confined  in  the  same  way  that 
the  experimental  animal  is,  and  can 
walk  in  and  out  of  the  experiment, 


TABLE  5.— RESULTS  OF  EXPERIMENTS  ON  FIVE  RABBITS  SUBJECTED  TO 

CONTACT  WITH  TETRAETHYL  LEAD 

{Dosage:  0.01  c.c.  of  concentrated  tetraethyl  lead) 


NUM- 
BER OF 

NUM- 
BER OF 
DOSES 

TEMPERATURE 

WEIGHT 

RED  BLOOD 
COUNT 

STIP- 
PLING^ 

LEAD  IN  VISCERA 

ANIMAL 

Initial 

Final 

Initial 

Final 

Initial 

Final 

°c. 

°C. 

kilos 

kilos 

per 
c.  mm. 

per 
c.  mm. 

mg. 

P 

16 

38.9 

39.2 

1.600 

1.370 

4.51 

4.68 

— 

2.25 

23 

19 

39.0 

38.4 

3.100 

3.060 

4.90 

4.62 

+ 

no  analysis  made 

32 

18 

38.8 

40.8 

2.760 

2.210 

4.92 

4.74 

+ 

1.66 

52 

13 

37.6 

38.4 

2.112 

1.840 

4.82 

4.82 

- 

1.73 

62 

18 

39.6 

42.2 

2.655 

2.540 

4.69 

4.72 

— 

1.52 

'  +  indicates  stippled  cells  found;  —  indicates  no  stippled  cells  found. 
*  These  rabbits  became  quiet  a  couple  of  days  before  their  death.     This  quietness  was 
succeeded  by  tremors,  exaggerated  muscular  movements,  and,  finally,  convulsions. 
^  This  rabbit  was  sent  to  Presbyterian  Hospital  for  a  special  histologic  examination. 


weight  was  0.345  kilos;  the  average 
final  weight,  0.337  kilos  (see  Table  6). 
An  average  of  4.93  mg.  of  lead  per 
kilo  of  body  weight  was  found  in  the 
whole  carcass.  The  pigs  all  developed 
tremors  and  convulsions  before  death. 
The  autopsy  findings  revealed  nothing 
that  was  not  found  in  control  animals. 

Control  Animals 

We  have  not  detected  lead  in  any 
of  our  control  animals,  as  care  was 
taken  never  to  have  them  under 
exposure. 

General  Remarks 

In  rendering  this  report  we  realize 
that  it  is  very  difficult  to  apply  animal 
experiments  to  human  beings.  Still 
we  feel  that  our  findings  so  far  indicate 
a  potential  hazard  in  the  use  of  ethyl 


does  this  fact  only  mean  that  it  will 
take  a  longer  time  before  any  patho- 
logic condition  may  arise?  The  ques- 
tion as  to  what  constitutes  lead  poison- 
ing has  to  be  definitely  decided  by  the 
medical  profession  in  the  near  future. 
"Looney  Gas"  poisoning  is  a  wrong 
terminology,  and  it  is  to  be  regretted 
that  the  newspapers  were  permitted  to 
coin  this  term.  Both  from  our  own 
work  and  from  that  of  Harnack  on 
triethyl  lead,  we  are  inclined  to  feel 
that  all  of  the  cases  on  record  can  be 
described  as  cases  of  lead  poisoning, 
either  acute  or  chronic.  Harnack 
showed  in  his  work  that  the  triethyl 
lead  acted  as  the  whole  molecule  on 
the  circulatory  and  respiratory  centers 
for  a  short  period.  If  the  animal  sur- 
vived this  period,  the  compound  broke 
down  and  an  inorganic  lead  compound 
was  formed  in  the  body  and  all  of  the 
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secondary  symptoms  were  those  of 
inorganic  lead  poisoning.  He  was 
unable  to  find  any  of  the  original 
molecule   in   the   bladder.     We   have 

TABLE    6.— RESULTS    OF    EXPERI- 
MENTS OX  FIVE  GUIXEA-PIGS 
SUBJECTED     TO     CONTACT 
WITH  TETRAETHYL  LEAD' 
{Dosage:  O.Ot  c.c.  of  concentrated  tetraethyl 
lead) 


NUMBER 

NUMBER 

WEIGHT 

LEAD 
PER 

OF 

KILO  OF 

ANIMAL 

DOSES 

Initial 

Final 

BODY 
WEIGHT 

kilos 

kilos 

mg. 

3 

8 

0.400 

0.410 

4.268 

4 

14 

0.352 

0.357 

7.002 

5 

4 

0.242 

0.200 

trace 

6 

13 

0.370 

0.344 

6.104 

7 

20 

0.360 

0.377 

7.294 

*  All  developed  tremors  and  convulsions 
before  death.  The  autopsy  findings  re- 
vealed nothing. 

made  three  or  four  attempts  to  detect 
tetraethyl  lead  in  the  animal  several 
hours  after  an  exposure  to  concen- 
trated tetraethyl  lead,  but  our  results 
were  always  negative. 

Human  Observation 

Two  persons  who  have  followed  the 
work  since  the  beginning  and  who  have 
taken  precautions,  knowing  the  poison- 
ous nature  of  the  compound,  have 
stored  lead  as  shown  by  an  examina- 
tion of  the  urine  and  feces: 


In  Feces 

mg. 

0.76  in  24-hr.  sample 
0.42  in  24-hr.  sample 
It    is 


In  Urine 

mg. 
O.OS  in  200  c.c. 
0.14  in  200  c.c. 
0.07  in  100  c.c. 


interesting  to  observe  that 
utjii/uer  one  of  these  persons  noted  any 
special  symptoms,  and  in  fact  one  of 


them  had  pa.ssed  two  insurance  exami- 
nations within  a  month.  They  both 
spoke  of  wakefulness  at  night,  irra- 
tional dream.';,  nervousness,  and  a 
general  feeling  of  malai.se  which  ex- 
presses itself  in  a  general  lack  of 
"pep."  Any  doctor  treating  them 
and  not  knowing  their  exposure  would 
have  ascribed  it  to  a  run-down  condi- 
tion, needing  a  little  tonic,  etc. 

Conclusions 

Our  experiments  indicate  api)ar- 
ently  that  there  is  no  doubt  that  ani- 
mals exposed  to  skin  application  of 
ethyl  gasoline  will  store  lead ;  also  that 
the  rate  of  excretion  does  not  equal 
the  rate  of  absorption.  This  is  en- 
tirelj'  in  agreement  with  all  medical 
experience.  We  are  not  prepared  to 
say  that  all  of  the  animals  that  died 
did  so  because  of  the  lead.  We  have, 
however,  noticed  at  various  times  that 
if  for  any  reason  we  do  not  expose  the 
am'mal  which  may  appear  sick  for 
several  days,  the  animal  will  show  a 
marked  improvement.  This  is  again 
in  Une  with  medical  experience  in 
cases  where  patients  have  been  ex- 
posed to  lead.  One  cannot  but  feel, 
on  account  of  this  observation,  that 
their  condition  before  the  rest  was  due 
to  lead  exposure.  This  may  account 
for  the  fact  that  so  far  no  cases  of  load 
poisoning  have  been  found  at  filling 
stations  or  in  garages.  The  tinic 
between  the  man's  exposures  may  l>o 
long  enough  to  permit  him  to  remain 
in  apparent  good  health  thougii  he  m.iy 
be  storing  lead.  It  may  take  years 
before  he  stores  enough  or  before  a 
sufficient  change  takes  place  in  his 
metabolism  to  cause  the  symptoms 
commonly  attributed  to  lead  poison- 
ing.    The  fact  to  bear  in  mind  is  that 
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there  is  no  doubt  that  a  storage  of  animals  no  matter  whether  it  is  by 
lead  takes  place  under  exposure,  absorption  through  the  skin  or  by  in- 
Lead  stored  in  the  body  constitutes  a  halation.  What  is  of  special  signifi- 
potential  lead  poisoning.  cance,  or  what  seems  so  to  us,  is  the 
The  same  observations  that  have  fact  that  the  animals  in  the  gas  cham- 
been  made  about  animals  receiving  ber  seem  to  show  the  effects  more 
skin  applications  can  be  made  on  the  quickly  than  those  which  received  skin 
am'mals  that  were  exposed  to  fumes  of  apphcations.  The  dilution  does  not 
the  dilute  ethyl  gasoline.  It  is  of  sig-  seem  to  make  any  difference  except 
nificance  that  there  is  a  continuous  for  the  longer  time  necessary  to  ac- 
storage  of  lead  taking  place  in  the  cumulate  the  same  quantity  of  lead. 
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A  Mobile  Refrigerating  Unit 

By  H.   F.   Pierce 

Ugpaktment  of   Physiology,  Colu.mbia   University,  Nbw  York,  N.   Y. 

THE  advent  of  the  small,  electrically  operated  refriger- 
ating plant,  designed  primarily  for  use  in  the  home, 
has  provided  hospitals  and  laboratories  with  a  con- 
venient means  of  chilling  perishable  materials,  and  of  main- 
taining conditions  of  low  temperature  either  for  storage  or 
for  the  performance  of  certain  types  of  experiments. 

Such  a  refrigerating  unit  consists  essentially  of  a  motor- 
driven  compressor  pump,  a  cooling  coil  an  e.xpansion  valve, 
and  an  expansion  coil  located  in  a  brine  tank.  The  thermo- 
static control  provided  consists  of  a  metal  bellows  fsylphon 
tube^)  containing  a  volatile  liquid  which  by  its  expansion  and 
contraction  actuates  the  starting  switch  of  the  compressor 
motor.  When  the  brine  temperature  falls  the  motor  stops; 
when  it  rises  the  motor  starts  again,  thus  making  the  unit 
automatic  in  of)eration.  The  brine  tank  is  designed  to  occupy 
the  ice  compartment  of  the  usual  household  refrigerator. 

In  order  to  extend  its  field  of  usefulness,  Prof.  Ernest 
L.  Scott,  of  this  department,  conceived  the  idea  of  mounting 
the  refrigerating  unit  on  a  low  truck  so  that  it  might  be  easily 
m.oved  about  the  laboratory;  of  placing  on  the  same  base  a 
cooling  chamber  in  which  materials  could  be  stored  and  cer- 
tain experiments  performed;  and  of  connecting  to  the  brine 
tank  a  motor-driven  pump  which  should  serve  the  double 
purpo.se  of  keeping  the  cold  brine  in  circulation  through  the 
unit  and  of  pumping  it  through  any  outside  apparatus  in 
which  it  might  be  dasirable  to  maintain  a  low  temperature. 
The  work  of  constructing  this  mobile  unit  was  begun  under 
the  direction  of  Professor  Scott  and  completed  by  the  author. 

Figure  1  shows  the  apparatus  and  the  disposition  of  its 
various  parts  The  brine  tank,  C,  is  insulated  on  the  sidoi 
and  bottom  with  4  inches  of  sheet  cork  and  on  the  top  with 
6  inches  of  granulated  cork,  and  the  whole  is  inclosed  in  a 
wooden  casing  which  serves  to  protect  the  insulation  and  to 
support  the  relays,  switches,  and  other  control  devices. 
The  rotary  pump,  D,  which  circulates  the  cold  brine  through 
the  cooling  chamber,  E,  and  any  outside  apparatus  attached 
to  F  and  G,  is,  wnth  the  regulating  valves,  housed  in  a  meUal 
box  filled  with  granulated  cork.  The  cooling  chamber  is  an 
annular  copper  tank  covered  with  compressed  cork  insulation. 
It  re.sis  on  a  sheet  cork  base  and  is  provided  with  a  movable 
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cover  of  the  same  material.  Its  depth  is  14  inches,  its  diam- 
eter 10  inches.  A  small  fan  in  the  chamber  keeps  the  air 
in  circulation  and  assists  in  maintaining  an  even  temperature. 
Since  the  sulfur  dioxide  thermostat  supplied  with  the  unit 
allowed  a  variation  in  brine  temperature  of  some  10°  C, 
it  was  decided  to  build  a  more  sensitive  control  device. 
Prof.  H.  B.  Williams,  of  this  department,  suggested  the  use 
of  a  large  mercury  thermostat,  the  mercury  to  be  contained 
in  a  steel  tube  and  the  usual  glass  capillary  tube  to  be  at- 
tached to  it  by  means  of  a  perforated  rubber  stopper.  This 
suggestion  was  adopted,  and  the  mercury  thermostat,  used  in 
connection  with  the  control  system  devise  I  bj'  the  author. 


Figure  1 — Mohile  Refrigerating  Unit 

A,  compressor  pump;  B,  cooling  coil;  C,  brine  tank;  D,  brine  circu 
lating  pump;  E,  cooling  chamber;  F  and  G,  outlet  and  inlet  for  cold 
brine  supplied  to  outside  apparatus;  H,  controlling  valves.  J,  mercury 
th  rmostat;  K,  resistance  shunted  acros--  mercury  contact;  L,  damped 
telegraph  relay;  M,  contactor  relay;  A',  plug  for  attaching  unit  to  elec- 
tric mains 


has  given  entire  satisfaction.  The  steel  tube  is  1-1  inches 
long  and  0.5  inch  in  internal  diameter,  and  is  plated  with 
tin  outside  to  prevent  corrosion.  During  the  process  of  fill- 
ing, the  mercury  was  boiled  in  the  tube  to  eliminate  air 
bubbles.  The  tube  is  provided  with  a  threaded  brass  head 
which  makes  a  tight  joint  with  an  opening  in  the  lop  of 
the  brine  tank,  and  to  this  head  is  attached  a  brass  tube 
which  is  concentric  With  and  furnishe.s  support  and  protection 
for  the  glass  tube  piercing  the  rubber  stopper.  Near  the 
upper  end  of  the  glass  tube  is  a  2- way  cock,  which  allows 
the  thermostat  tube  to  be  connected  with  the  mercury  reser- 
voir.    Attached  to  the  upper  end  of  the  brass  tube  but  in- 
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sulated  electrically  from  it  is  an  arm  carrying  the  nickel  wire 
which  makes  contact  with  the  mercury  in  the  capillary  tube. 

The  mercury  thermostat  is  connected  through  three 
standard  dry  cells  with  a  telegraph  relay,  L.  In  order  to 
minimize  sparking  at  the  surface  of  the  mercury,  a  high  re- 
sistance, K,  is  shunted  across  the  gap.  A  "variable  grid- 
leak,"  0  to  50,000  ohms,  as  used  in  radio  receiving  apparatus, 
serves  admirably  for  this  purpose. 

Since  the  motor  requires  a  larger  amount  of  current  than 
can  be  carried  safely  by  the  telegraph  relay,  a  contactor 
relay,  M,  is  employed  This  is  a  commercial  device  intended 
for  the  remote  control  of  motors,  heating  devices,  or  large 
groups  of  lamps,  and  is  so  designed  that  in  closing  it  completes 
two  circuits,  one  supplying  the  motor  or  other  device,  the 
other  maintaining  the  flow  of  current  through  the  relay  and 
keeping  it  closed  until  its  coil  is  short-circuited  by  some  out- 
side connection.  This  relay  will  safely  break  a  current  of 
15  amperes  at  a  pressure  of  125  volts,  and  requires  only  0.027 
ampere  for  its  operation. 

The  telegraph  relay  was  modified  by  the  addition  of  a 
second  insulated  contact,  so  that  the  armature  makes  an 
electrical  connection  at  each  end  of  its  stroke.  When  the 
temperature  of  the  brine  rises,  the  mercury  mounts  in  the 
capillary  tube  and  touches  the  nickel  wire,  the  telegrapli 
relay  closes,  the  contactor  relay  closes,  and  current  flows 
to  the  motor.  When  the  operation  of  the  unit  has  reduceil 
the  brine  temperature  so  that  the  mercury  falls,  the  tele- 
graph relay  opens  and  makes  a  second  contact.  This  short- 
circuits  the  contactor  relay  coil  through  the  resistance  U, 
the  contactor  relay  opens,  and  the  motor  stops. 

Owing  to  vibration  caused  by  the  motors  and  pumps  and 
(•onsequent  repeated  momentary  contacts  at  the  mercury 
surface,  the  light  armature  of  the  telegraph  relay  had  a 
tendency  to  flutter  back  and  forth  between  its  contacts. 
This  tendency  was  overcome  by  attaching  to  the  armature 
a  short  rod  carrying  a  ball  which  fits  clo.-^ely  in  a  cylindiical 
brass  cup  filled  with  heavy  oil  {T,  Figure  2).  Thus 
damped,  the  relay  requires  approximately  30  seconds  to 
close  and  an  equal  length  of  time  to  open.  Hence,  in  spite 
of  vibration  at  the  mercury  surface,  there  is  no  chattering  of 
either  relay,  and  the  motor  starts  and  stops  smoothly. 
Damping  the  relay  naturally  interferes  somewhat  with  the 
sensitivity  of  the  control,  but  it  is  necessary  because  of  the 
wear  and  tear  which  would  otherwise  accrue  with  more 
frequent  starting  and  stopping  of  the  motor. 

The  accuracy  of  the  thermostatic  control  is  very  g(j()d, 
considering  the  fact  that  the  temperature  is  regulated  l)y 
controlling  the  compressor  motor.  A  Beckmann  thermom- 
eter placed  (in  air)  in  the  cooling  chamber  showed  a  de- 
viation from  the  mean  of  ±0.075°  C.  over  a  period  of  4  hours 
at  a  temperature  of  approximately  0°  C,  with  a  room  tem- 
perature varying  between  17°  and  22°  C.     With  marked 
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changes  in  room  temperature  a  somewhat  larger  deviation 
has  been  observed,  but  in  all  cases  the  temperature  has  re- 
mained within  ±0.25°  C.  over  periods  ranging  from  1  day 
to  2  weeks. 

In  place  of  the  usual  calcium  chloride  brine  we  are  using 
a  35  per  cent  alcohol-water  mixture.  This  fluid  is  satis- 
factory for  temperatures  as  low  as  —15°  C,  and  it  has  a 


.  Figure  2 — Thermostatic  Control  Apparatus 

refrigerating  capacity  nearly  equal  to  that  of  a  25  per  cent 
calcium  chloride  solution.'  It  has  the  advantage  of  being 
noncorrosive  to  the  metal  parts  of  the  system  and  of  leaving 
no  hygroscopic  deposit  in  case  any  is  spilt. 

This  apparatus  has  been  in  nearly  constant  use  during 
the  greater  part  of  a  year,  and  has  required  little  attention 
other  than  cleaning  and  oiling. 

«  Zoller,  This  Journal,  16,  1073  (1924). 
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Section  1.  General  Principles  of  Construction 

Certain  of  the  operating  characteristics  of  the  string  galvanometer, 
such  as  short  period,  good  damping,  stabiHty  of  zero  under  constant 
string  tension,  are  common  to  all  instruments  of  this  type  however 
crudely  they  may  be  made.  Others,  such  as  (a)  stability  of  zero  and  of 
the  plane  of  deflection  under  varying  degrees  of  string  tension,  (b) 
equality  of  successive  deflections  for  successive  equal  increments  of 
current  through  the  string,  (c)  capability  of  adjustment  to  very  great 
sensitivity,  (d)  freedom  from  disturbance  by  extraneous  vibration, 
(e)  sharpness  of  optical  definition,  (f)  amount  of  transmitted  hght 
available  for  photographic  registration,  etc.,  are  distinctly  dependent 
on  design  and  construction.  These  matters  concern  the  prospective 
user  as  well  as  the  designer  and  maker,  and  an  understanding  of  them 
is  necessary  if  one  is  to  make  an  intelligent  choice  from  a  number  of 
available  types  of  an  instrument  suited  to  fulfill  a  given  requirement. 
Essential  parts  of  all  string  galvanometers  are  the  magnet,  the  string 
mounting,  the  microscopes  and  the  string.   Before  the  special  problems 

^  The  theory  of  the  string  galvanometer  is  treated  in  Part  1,  this  Journal,  9,  pp.  129-74, 
August,  1924.  I  am  indebted  to  Professor  H.  W.  March,  of  the  Department  of  ISIathematics, 
University  of  Wisconsin,  for  bringing  to  my  attention  inconsistencies  in  the  statement  of  the 
solutions  (10)  and  (16)  of  Part  1.  The  correct  statement  of  these  solutions  is  given  in  Appendix 
A,  Part  2,  where  will  also  be  found  corrections  of  other  errata  in  Part  1. 

*  When  Part  1  was  written  the  writer  was  unaware  of  a  treatment  of  the  theor>'  of  the 
Einthoven  galvanometer  published  in  EngUsh  in  1914  by  Dr.  L.  S.  Ornstein.  See  Section  VII, 
Part  2,  for  comment  on  this  paper. 
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of  string  galvanometer  design  can  be  appreciated  it  is  necessary  to  have 
some  familiarity  with  these  parts  and  their  functions  and  we  shall 
proceed  to  discuss  their  more  general  features. 

A.  THE  MAGNET 

1.  General  Remarks.  The  string  galvanometer  may  be  regarded  as 
a  special  form  of  mo\'ing  coil  instrument  and  it  was  actually  from  this 
standpoint  that  it  w'as  developed  (1).  The  strength  of  the  magnetic 
fields  is  one  of  the  factors  which  determines  the  sensitiNity  of  a  moving 
coil  galvanometer,  but  it  is  well  known  that  the  sensitivity  of  the 
ordinary  type  of  moving  coil  instrument  cannot  be  increased  indefinitely 
by  augmenting  the  strength  of  the  fixed  field.  It  is  a  matter  of  great 
diflEculty  to  make  a  coil  without  contamination  of  the  wire  or  insulation 
or  both  with  paramagnetic  material  and  unless  the  distribution  of  this 
material  is  uniform  and  the  field  homogeneous,  there  will  result  an 
actual  diminution  of  sensiti\ity  when  the  field  strength  exceeds  a  rather 
moderate  value.  The  moving  system  of  the  string  galvanometer,  con- 
sisting of  a  single  tenuous  conductor  with  no  insulating  covering,  is  less 
liable  to  accidental  contamination.  The  strings  are  made  of  material 
which  initially  is  not  likely  to  contain  significant  traces  of  magnetic 
material.  It  is  customary  to  employ  field  strengths  of  20,000  gauss  and 
more.  The  mo\dng  coil  galvanometer  can  be  made  more  sensitive  by 
reducing  the  elastic  restoring  couple  of  its  suspension,  but  a  rather 
definite  limit  is  set  by  the  difficulty  of  maintaining  a  stable  zero  when 
the  restoring  force  is  made  very  small.  It  is  usual  to  attain  greater 
sensitivity  by  increasing  the  number  of  turns  in  the  moving  coil.  In 
the  string  galvanometer  this  means  of  increasing  sensitivity  has  been 
deliberately  foregone  and  the  coil  replaced  by  a  single  stretched  con- 
ductor in  order  to  secure  a  very  short  natural  period.  The  possibility 
of  employing  a  field  as  strong  as  20,000  gauss  is  of  some  assistance  in 
regaining  sensiti\'ity,  but  the  gain  from'  this  source  corresponds  to  the 
use  in  a  D'Arsonval  type  of  a  coil  of  ten  turns  in  a  field  of  1000  gauss. 
That  the  string  galvanometer  can  be  at  once  sensitive  and  of  short 
period  is  possible  because  the  inertia  of  the  moving  part  is  very  small 
and  a  small  restoring  force  will  sufiice.  Also  the  zero  position  of  a 
stretched  string  is  very  stable  even  when  the  tension  is  small. 

Although  the  field  should  be  strong,  it  is  usually  not  advisable  to 
attempt  to  reach  such  field  strengths  as  have  been  attained  with  large 
electromagnets  in  recent  years.  These  magnets  are  designed  to  be 
excited  with  powerful  currents  and  a  slight  rise  in  temperature  is 
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usually  immaterial.  Sometimes  they  are  wound  with  insulated  copper 
tubing  for  continuous  water-cooling  and  the  amount  of  energy  dissi- 
pated may  be  very  large.  In  a  measuring  instrument  precision  must 
take  precedence  over  sensitivity.  The  strings  of  a  string  galvanometer 
are  often  made  of  material  whose  coefficient  of  expansion  differs  greatly 
from  that  of  the  supporting  framework  and  change  in  temperature 
of  the  instrument  will  affect  its  sensitivity.  The  held  strengths  which 
may  be  attained  without  great  initial  expense  and  the  dissipation  of 
large  amounts  of  energy  in  the  field  coils  are  so  large  that  they  could 
hardly  be  doubled  by  the  most  elaborate  and  expensive  construction. 
It  is  certainly  not  worth  while  to  multiply  the  cost  of  construction  and 
operation  many  fold  for  a  twofold  increase  of  sensitivity. 

The  desirability  of  concentrating  the  windings  in  the  neighborhood 
of  the  airgap  when  intense  fields  are  to  be  produced  is  now  well  known 
(2),  (3).  On  the  other  hand  if  the  poles  are  large  the  concentrated 
winding  makes  a  coil  whose  average  length  per  turn  is  great.  The 
magnetizing  effect  is  proportional  to  current  and  turns,  the  energy 
expenditure  to  resistance  multiplied  by  current  squared.  Fields  of 
very  considerable  intensity  may  be  produced  with  comparatively  small 
energy  expenditure  by  distributed  windings  if  the  design  of  the  iron 
frame  is  such  that  the  permeability  is  high  when  the  flux  density  is 
sufficient  to  maintain  the  desired  flux  in  the  gap.  The  only  drawback 
is  the  somewhat  extensive  stray  field  which  may  affect  other  instru- 
ments. 

2.  Lateral  Uniformity  of  Field.  It  is  evident  from  the  theory  that 
the  field  must  be  uniform  in  the  direction  of  the  string's  motion  if  the 
deflections  are  to  be  proportional  to  the  strength  of  the  current  flowing 
in  the  string.  As  the  string  galvanometer  is  used  almost  entirely  as  a 
deflection  instrument  it  is  highly  desirable  that  the  law  of  deflection 
should  be  a  linear  one.  The  necessary  uniformity  can  be  secured  by 
care  in  making  the  pole  faces  approximately  parallel  plane  surfaces. 
The  accuracy  necessary  to  secure  proportionality  over  more  than  a 
very  limited  range  is  really  considerable.  Failure  to  meet  this  require- 
ment is  one  of  the  most  common  faults  in  commercial  string  galvanom- 
eters. Einthoven's  original  instrument,  which  we  shall  have  occasion 
to  mention  frequently  and  shall  hereafter  refer  to  as  the  Leyden  Model, 
gives  deflections  proportional  to  the  strength  of  current  for  ten  centi- 
meters either  side  of  zero  with  a  magnification  of  660  diameters  and  at 
a  current  sensitivity^  of  aboutlQ-^^ampere/cm.  The  replica  of  this 
instrument  in  the  physiologicallaboratory  of  Columbia  University 
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gives  a  similar  result,  but  with  a  niagnih cation  of  900  diameters.  Most 
commercial  instruments  have  a  much  smaller  range  of  linear  propor- 
tionalit}'. 

3.  The  Perforation  for  the  Optical  System.  This  should  be  no  larger 
than  necessary,  though  its  effect  has  been  somewhat  overestimated. 
As  remarked  by  DuBois,  (4),  a  considerable  internal  leakage  occurs 
from  the  edges  of  the  opening  and  the  field  in  this  central  region  may 
be  of  considerable  intensity.  The  size  of  the  perforation  is  detemined 
by  the  limitations  of  the  lens  maker's  art.  The  lenses  must  be  of  high 
aperture,  but  it  is  not  necessary  that  the  pencil  of  light  should  be  as 
large  as  that  transmitted  by  a  standard  microscope  objective  of  the 
same  aperture.  It  w^ould  be  possible  theoretically  to  reduce  the  diameter 
of  the  lens  system  very  materially,  but  this  W'Ould  entail  expensive 
changes  which  the  manufacturing  optician  could  probably  not  afford 
to  make  considering  the  limited  market  for  them.  Up  to  the  present 
time  the  makers  of  string  galvanometers  have  contented  themselves 
with  standard  microscope  objectives  mounted  in  the  smallest  metal 
case  which  would  accommodate  them.  The  effect  of  the  perforation  will 
be  discussed  in  detail  in  Section  \\  of  the  present  paper. 

4.  The  Length  of  the  Airgap  in  the  Direction  of  the  Lines  of  Force.  In 
the  Leyden  ^lodel  this  dimension  is  two  millimeters  and  in  most  of  the 
commercial  models  it  has  been  the  same  or  greater.  The  princii)al 
reluctance  in  the  path  of  the  flux  is  this  airgap.  It  is  much  the  largest 
factor  in  determining  the  necessary  magnetomotive  force  and  thus  in 
great  measure  determines  the  size  of  the  magnet.  The  weight  of  the 
Leyden  Model  is  100  kilos.  For  some  purposes  lighter  instruments  are 
desirable.  One  of  the  new  designs  described  in  Section  2  has  an  airgap 
of  one  half  mm.  There  are,  however,  se\eral  tlisadvantages  to  be  con- 
sidered in  connection  with  the  reduction  of  the  length  of  the  airgap. 
First  the  difficulty  of  securing  a  linear  deflection  law  is  increased. 
A  slight  departure  from  accurate  parallelism  of  the  pole  faces  will  have 
a  more  marked  effect  on  the  distribution  of  the  field.  This  ditVuulty  is 
not  too  great  to  be  overcome  by  care  and  mechanical  skill.  I  here 
remains  the  danger  that  dust,  particularly  particles  of  iron  may  gain 
access  to  the  gap  and,  becoming  attached  to  the  pole  faces,  touch  the 
string  and  imj)e(le  its  movements  or  damage  its  coating.  Kxperieiui- 
has  shown  that  with  reasonable  care  an  instrument  with  a  half  mm  gap 
can  be  operated  successfully,  but  the  gaj)  must  be  carefully  in>pectcd 
each  time  it  has  been  opened  to  change  strings,  etc.,  to  make  sure  that 
it  is  free  from  foreign  matter. 
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5.  Necessity  for  Mechanical  Rigidity.  There  is  a  not  inconsiderable 
tractive  force  between  the  polepieces^  and  this  requires  a  construction 
of  sufficient  strength  and  rigidity  to  prevent  deformation  when  the 
field  is  excited.  It  is  usual  to  mount  the  microscopes  and  the  parts 
that  carry  the  string  on  the  magnet.  In  connection  with  the  mounting 
of  the  string  it  is  necessary  to  take  into  account  a  molecular  change, 
the  magnetostrictive  effect,  which  produces  a  small  but  significant 
deformation  of  the  polepieces.* 

6.  Shape  of  the  Polepieces.  In  order  to  concentrate  the  field  in  a 
narrow  space  the  polepieces  are  made  wedge-shaped.  The  angle  included 
between  the  faces  of  the  wedge  was  90°  in  the  Leyden  Model  and  this 
angle  has  been  adopted  in  many  subsequent  models.  For  the  polepieces 
of  large  electromagnets  in  the  form  of  truncated  cones,  Stefan,  (5), 
showed  theoretically  that  an  included  angle  of  about  110°  is  most 
favorable  for  producing  a  field  of  maximum  intensity.  DuBois,  (4), 
has  confirmed  this  result  experimentally  and  shown  that  a  difference 
of  a  few  degrees  is  not  critical.  Salomonson  (6)  concludes  that  for  a 
prismatic  pole  of  a  string  galvanometer  formed  on  the  end  of  a  circular 
cylinder  5  cm  in  diameter  a  top  angle  of  110°  would  be  advantageous. 
DuBois  (4)  concluded  that  90°  would  give  the  most  intense  field  for  a 
prismatic  pole  of  infinite  length.  In  the  galvanometer  later  described 
as  Type  B  this  angle  was  made  120°.  This  was  done  as  a  matter  of 
mechanical  convenience  and  while  it  may  have  resulted  in  sacrificing 
some  intensity,  the  practical  result  has  been  entirely  satisfactory. 
DuBois  has  shown  also  that  the  greatest  uniformity  of  field  requires 
an  angle  smaller  than  that  for  maximum  intensity.  Uniformity  is  a 
prime  requisite  in  the  string  galvanometer,  but  is  required  for  only  a 
small  fraction  of  a  miUimeter  in  the  middle  region.  Experiment  shows 
that  uniformity  over  the  necessary  extent  can  be  attained  even  with 
the  large  angle  provided  the  polefaces  are  made  reasonably  good 
approximations  to  plane  parallel  surfaces. 

B.  THE  STRING  MOUNTING 

1.  General  Remarks.  The  sensitivity  and  period  of  the  string  galva- 
nometer can  be  altered  within  wide  limits  by  varying  the  tension  on 
the  string.  In  making  this  adjustment  it  is  a  great  convenience  if  the 
string  shadow  remains  in  focus  and  retains  the  same  zero  throughout. 

'  The  theoretical  data  for  calculation  of  this  tractive  force  are  given  by  Maxwell,  Treatise  on 
Electricity  and  Magnetism,  Edition  of  1873,  2,  p.  255.  A  discussion  of  Maxwell's  law  is  given 
by  H.  DuBois,  The  Magnetic  Circuit,  Translation  by  Dr.  Atkinson,  p.  167,  1896. 

*  See  sub-section  B,  Article  2,  of  this  Section. 
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It  is  possible  to  secure  this  condition,  the  possibility  depending  partly 
on  the  properties  of  the  strings  themselves  and  partly  on  certain 
adjustments.  Assuming  the  string  suitable,^  the  other  necessary  con- 
dition is  that  it  shall  be  centered  with  considerable  accuracy  in  the 
magnetic  field.  Though  the  field  can  be  given  uniformity  in  the  direction 
of  the  string's  motion  for  something  less  than  a  tenth  of  a  millimeter 
either  side  of  the  middle  of  the  poleface  and  midway  between  the  poles, 
it  will  always  be  more  intense  close  to  the  pole  faces.  All  strings  arc- 
either  diamagnetic  or  slightly  paramagnetic  and  by  reason  of  slight 
contamination  parts  of  a  string  may  be  paramagnetic  and  others 
diamagnetic.  If  the  string  is  exactly  centered  its  magnetic  properties 
make  little  dift"erence  in  its  behavior,  but  if  not  it  is  likely  that  on 
deflection  it  will  approach  one  or  other  of  the  pole  faces  with  the  result 
that  its  shadow  will  go  out  of  focus.  The  same  thing  and  probably 
a  change  of  zero  will  result  if  the  improperly  centered  string  is  slackened.  ■ 
These  difficulties  are  readily  avoided  if  means  are  provided  for  accurate 
centering.  In  the  Leyden  Model  the  clamps  which  receive  the  metal 
tips  to  which  the  strings  are  soldered  are  fastened  to  accurate  and 
smoothly  working  cross-slides  actuated  by  screws.  There  are  two  such 
slides,  one  at  top  and  one  at  bottom  and  they  move  the  one  parallel 
and  the  other  perpendicular  to  the  polefaces.  Devices  of  a  less  expensive 
nature  have  been  tried  with  varying  success.  The  results  will  never 
be  altogether  satisfactory  unless  the  centering  devices  operate  smoothly 
and  precisely.  Few  instrument  makers  seem  to  have  realized  the  need 
for  precision  in  these  devices  and  those  who  have  never  worked  with 
a  properly  constructed  string  galvanometer  in  good  adjustment  con- 
sider the  faults  of  the  designer  and  builder  to  be  inherent  in  the  in- 
strument. This  is  the  more  remarkable  because  the  facts  were  set  forth 
in  detail  by  Einthoven  (7,  p.  314)  in  1909. 

2.  Tension  Adjustment.  There  must  also  be  a  line  adjustnu-nt  tor 
varying  the  tension  on  the  string  and  this  should  operate  smoothly  and 
with  a  minimum  of  lost  motion.  When  the  tension  on  the  string  is 
small,  a  very  small  movement  of  the  upj)er  end  will  produce  a  relatively 
large  change  in  tension  (7,  p.  308),  so  that  an  adjustment  caiKii)le 
of  close  setting  is  desirable.  An  adjustment  of  the  same  geiural  char- 
acter as  the  wormgear  fine  focussing  adjustments  supplied  on  the  best 
makes   of  microscopes  is  entirely  satisfactory.      A   line  adjustment 

*  See  sub-section  D  of  this  section,  Article  4. 
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obtained  from  the  Zeiss  Works,  of  the  type  found  on  their  large  micro- 
scope stands,  was  used  for  the  string  tension  adjustment  on  the  Colum- 
bia instrument  and  has  met  every  requirement. 

3.  String  Mountings.  There  are  two  principal  methods  in  use  for 
mounting  strings.  The  method  employed  in  the  Leyden  Model  in 
which  the  mountings  are  fastened  permanently  to  the  magnet  and  the 
strings  inserted  directly  into  the  instrument  is  simple,  substantial  and 
effective,  but  requires  of  the  operator  considerable  manipulative  skill 
when  strings  require  to  be  replaced.  This  type  of  mounting  is  entirely 
satisfactory  for  laboratory  use  where  it  will  be  handled  by  skilled 
personnel.  In  the  other  type  the  strings  are  mounted  in  a  removable 
member  carrying  all  or  part  of  the  centering  and  tension  adjustments. 
This  member  often  takes  the  form  of  a  case  in  which  the  string  is 
completely  enclosed.  The  second  plan  presents  itself  in  a  considerable 
variety  of  designs.  It  offers  obvious  advantages  when  properly  designed 
and  executed,  but  on  account  of  the  difiticulty  of  providing  a  number  of 
precise  adjustments  in  a  compact  removable  member,  it  is  particularly 
in  instruments  of  this  type  that  highly  "simplified"  adjustments  are 
often  found.  It  is  essential  that  whatever  plan  is  adopted  shall  secure 
practically  dust-tight  enclosure  of  the  string  when  it  is  finally  mounted 
and  protect  it  against  disturbance  by  air  currents.  Einthoven  covered 
his  entire  instrument  with  a  large  box.  This  plan  permits  great  sim- 
plicity in  the  construction  of  the  instrument  and  has  few  disadvantages 
if,  as  is  usual,  the  instrument  is  to  be  kept  and  used  in  one  place.  The 
same  arrangement  was  adopted  in  the  Columbia  instrument  with  satis- 
factory results.  If  equally  precise  and  robust  adjustments  can  be 
provided  in  a  construction  which  gives  adeq^uate  protection  to  the 
string  without  requiring  the  covering  of  the  entire  instrument,  it  makes 
for  somewhat  greater  facility  in  changing  strings  and  permits  freer 
radiation  and  convection  of  heat  from  the  magnet  coils.  The  instrument 
is  also  more  easily  moved  about. 

4.  Disturbance  Due  to  Magnetostriction.  The  simplest  way  to  mount 
the  parts  that  carry  the  string  is  to  fasten  them  directly  to  the  top  and 
bottom  of  the  polepieces.  However,  if  the  polepieces  are  massive,  the 
magnetostrictive  change  of  form  may  produce  a  slight  tilting  of  the 
string  mounting  when  the  field  is  excited  thus  impressing  upon  the 
string  a  small  angular  component  of  tension.  If  the  string  is  under 
considerable  tension,  the  slight  angular  component  thus  introduced 
may  produce  no  visible  effect.     If  the  tension  is  reduced  to  a  value 
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comparable  in  magnitude  with  this  component,  the  zero  or  local  phme 
or  both  will  be  altered  on  exciting  the  held.'' 

C.    THE  MICROSCOPES 

An  outstanding  feature  of  the  Einthoven  galvanometer  is  that  no 
dead  load  is  carried  by  the  moving  part  for  the  purpose  of  magnifying 
the  motion.  For  this  a  microscope  is  employed.  The  optical  system 
adopted  for  the  original  instrument  is  a  Zeiss  4  mm  apochromatic 
objective,  of  numerical  aperture  0.95  as  projection  lens^  in  conjunction 
with  a  suitable  projection  ocular,  such  as  Zeiss  projection  ocular  Xo.  2 
or  No.  4.  To  illuminate  the  field  a  Zeiss  4  mm  achromatic  objective  of 
N.A.  0.85  is  used  as  condenser.  For  special  purposes  it  is  sometimes 
advantageous  to  use  as  condenser  an  apochromatic  lens  similar  to  the 
projection  objective.  These  microscopes  are  mounted  in  borings  in  the  . 
polepieces  and  provided  with  focussing  fine  adjustments.  In  the  Leyden 
instrument  each  microscope  was  provided  with  a  double  cross-slide  for 
centering.  If  one  is  to  realize  the  full  advantage  of  an  optical  system 
of  the  quality  above  mentioned,  adequate  means  for  centering  must  be 
provided. 

The  design  of  the  mounting  of  the  microscopes  is  a  matter  requiring 
careful  con.sideration.    The  usefulness  of  a  sensitive  measuring  instru- 

*  The  writer  first  observed  this  effect  on  a  large  instrument  designed  for  the  Rockefeller 
Institute  for  Medical  Research.  The  effect  was  at  first  attributed  to  molar  motion  of  the 
polepieces,  although  care  had  been  taken  in  design  and  construction  to  insure  against  this. 
After  it  had  been  shown  that  the  effect  observed  could  not  be  so  accounted  for,  its  real  nature 
was  suspected  and  the  suspicion  confirmed  bj'  experiment.  The  question  then  arose  why  this 
effect  had  not  been  observed  in  the  Leyden  Model.  In  this  model  there  is  a  large  l)ronzc  plate 
through  which  the  cores  of  the  magnet  pass  and  to  which  the  polepieces  are  fastened.  The 
support  for  the  string  mounting  is  fastened  to  the  middle  of  this  bronze  plate  where,  pre- 
sumably, the  magnetostrictive  change  in  the  polepieces  produces  the  least  movement.  In  the 
Rockefeller  instrument  the  effect  was  noticed  then  the  tension  on  the  string  corresponded 
to  a  sensitivity  of  about  10"'  ampere/cm.  It  disappeared  entirely  when  the  tension  was  in- 
creased fourfold.  In  the  Columbia  copy  of  the  Leyden  instrument  no  effect  of  this  kind  was 
observed  until  the  tension  was  reduced  to  an  amount  corresponding  to  a  sensitivity  of  10"' 
ampere/cm.  At  this  sensitivity  the  effect  was  well  marked.  The  Rockefeller  instrument  was 
made  to  operate  satisfactorily  by  bolting  a  bronze  plate  to  the  back  of  the  polepiccc  with 
shelf-like  projections  above  and  below,  but  not  touching  them.  The  string  housings  were  then 
mounted  on  these  shelves.  In  subsequent  constructions  of  the  same  t>pc  as  the  Rockefeller 
instrument  the  string  housings  were  carried  on  a  bronze  fixture  mounted  to  the  p^iiepicccs 
with  a  Kelvin  point-groove-plane  arrangement  which  permits  the  greatest  possil)le  opjKir- 
tunity  for  change  in  the  polepieces  without  strain  of  the  string  supports.  This  mounUng 
will  be  illustrated  in  connection  with  the  description  of  the  instrument  of  which  it  forms 
a  part.  See  Section  2,  .Article  2,  of  this  paper. 

'  In  correcting  for  spherical  aberration  the  lens  maker  usually  allows  for  the  use  of  a 
coverglass.  Lenses  for  use  with  a  string  galvanometer  should  be  ordered  adjusted  for  use 
without  coverglass. 
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ment  is  greatly  enhanced  if  it  can  be  used  in  situations  where  there  is 
much  mechanical  vibration  without  special  precaution.  A  moment's 
reflection  will  show  that  the  string  itself  will  be  but  little  influenced  by 
mechanical  vibration  so  long  as  it  is  under  tension.  Its  inertia  is  so 
small  that  it  will  follow  any  movement  of  the  frame  of  the  instrument 
without  appreciable  lag.  On  the  contrary  the  microscopes  have  a  great 
deal  of  inertia  and  every  joint  in  their  mounting  affords  possibility  for 
movement.  Even  solid  metal  is  far  from  rigid.  The  microscope  mount- 
ings should  be  designed  for  lightness  with  the  maximum  amount  of 
rigidity  and  the  minimum  number  of  joints  consistent  with  pro\dding 
the  necessary  adjustments.  Such  joints  as  are  unavoidable  should  be 
made  with  the  utmost  care.  When  the  galvanometer  is  subjected  to 
vibration  there  is  a  tendency  for  the  microscopes  to  lag  behind  the 
movement  of  the  frame  and  as  the  string  does  not  lag,  the  relative  move- 
ment is  magnified  to  the  same  extent  that  the  microscope  magnifies  the 
movement  of  the  string  in  making  measurements.  If  the  galvanometer 
as  a  whole  moved  one  tenth  of  a  millimeter  the  movement  would  be 
just  detectable  on  a  photographic  record.  If,  as  is  often  the  case,  the 
magnification  is  1000  diameters,  a  relative  movement  between  string 
and  microscope  very  much  less  than  this  is  beyond  the  limit  of  tolerance. 
When  the  string  is  mounted  in  a  protecting  case  it  is  usually  not 
practicable  to  use  lenses  of  as  high  aperture  as  the  4  mm  apochromatic 
on  account  of  the  very  short  working  distance  (about  0.2  mm)  of  this 
objective.  Use  of  lenses  of  lower  aperture  imposes  limitations  as  to 
magnification  and  possible  speed  of  photographic  registration  which 
should  receive  careful  consideration  in  the  choice  of  a  design.  If  extreme 
sensitivity  or  registration  at  high  speed  is  required,  the  construction 
must  be  such  as  to  permit  the  use  of  lenses  of  the  highest  available 
aperture.  Achromatic  lenses  are  satisfactory  for  subjective  observation 
and  for  photographic  registration  at  moderate  speeds  and  magnifica- 
tions. The  Spencer  Lens  Company  has  recently  made  some  special 
achromatic  lenses  for  string  galvanometer  use  with  a  \-iew  to  good 
photographic  definition  rather  than  to  excellence  of  the  subjective 
image.  These  are  less  expensive  than  the  apochromatics  and  give  very 
good  results.  In  some  work  optical  filters  may  be  used  with  advantage 
to  improve  definition. 

D.  STRINGS 

1.    Quartz  Strings,  Chemically  Silvered.    In  some  of  his  earlier  experi- 
ments Einthoven  tried  strips  cut  from  aluminum  leaf  (/,  p.  1064).    He 


Sept.,  1926]  String  Galvanometer  323 

presently  resorted  to  fibers  of  quartz  glass  (fused  silica),  coated  with 
silver  to  make  them  conductors  of  electricity.  The  silver  coatings  were 
at  first  produced  by  one  of  the  chemical  reduction  methods  such  as  are 
used  in  silvering  glass  mirrors.  These  coatings  are  rough  and  tend  to 
become  more  rough  if  the  deposition  is  allowed  to  go  on  too  long  in  one 
continuous  reaction.  The  process  may  be  controlled  so  as  to  diminish 
the  roughness  by  silvering  in  two  or  more  stages  and  by  regulation  of 
the  concentration  and  temperature  of  the  bath.  The  fibers  may  be 
polished  by  stroking  them  with  a  fine  copper  wire.  Einthoven  made 
excellent  strings  in  this  way  and  the  process  was  described  by  Salomon- 
son  (8).  The  waiter  made  many  strings  in  this  way  and  it  is  less  difiicult 
than  might  be  imagined.  A  piece  of  copper  wire  about  No.  40,  B&S 
gauge,  and  10  cm  long  is  suitable.  This  should  be  fixed  in  a  light  handle 
such  as  a  quill.  One  causes  the  wire  to  \ibrate  by  slight  motion  of  the 
wrist  and  under  a  shaded  electric  lamp  brings  the  string  stretched  on  a 
frame  up  to  the  vibrating  wire  in  such  a  manner  that  the  direction  of 
its  length  is  in  the  plane  of  vibration  of  the  wire.  The  dark  space  under 
a  table  makes  a  good  background  against  which  to  sec  the  illuminated 
string.  Strings  of  diameter  as  small  as  .0015  mm  will  withstand  a 
surprising  amount  of  lateral  pressure,  but  care  must  be  exercised  at 
the  beginning  of  the  process  that  the  wire  does  not  catch  on  some  of  the 
larger  roughnesses  as  the  string  is  then  easily  broken.  The  polishing 
process  is  facilitated  by  securing  a  deposit  of  good  quality,  but  it  may 
take  considerable  labor  to  produce  a  really  smooth  and  satisfactory 
string.  Often  the  conductivity  is  lost  after  the  first  polishing  and  the 
silvering  must  be  repeated.  The  coating  should  be  examined  from  time 
to  time  with  a  lens  to  observe  the  progress  of  the  work.  Because  of  the 
probability  that  the  silvering  will  have  to  be  repeated  it  is  most  essential 
that  the  wire  used  for  polishing  be  perfectly  clean  and  never  touched 
with  the  fingers. 8  Otherwise  the  string  may  be  contaminated  and  new 
silver  will  not  deposit  firmly  on  a  spot  soiled  with  grease,  etc.  Fibers 
to  be  coated  chemically  should  be  silvered  as  soon  as  made  and  polished 
and  re-silvered  if  necessary  at  once.  If  blank  libers  arc  kept,  oven  under 
cover,  they  quickly  collect  dirt  and  seem  to  undergo  some  surface 
change  which  makes  it  impossible  to  secure  durable  coatings.    If  fibers 

« It  is  an  exceUent  plan  to  brighten  the  wire  by  stroking  it  lengUnvisc  with  fine  sandpaper 
and  then  electroplate  it  with  silver  in  a  bath  of  potassium-silver  cyanide.  After  plating  nnse 
the  wire  in  distilled  water  and  do  not  allow  it  to  come  in  contact  with  anything  except  the 
string  thereafter.  It  should  be  noted  that  in  the  sUvering  process  the  utmost  cleanliness  must 
be  maintained  and  details  followed  with  meticulous  (almost  ceremonial!)  care. 


324  Horatio  B.  Williams       [J.O.S.A.  &  R.S.I.,  13 

are  not  polished  the  mass  for  a  given  conductivity  will  be  greater  than 
that  of  a  smooth  string.  The  shadow  of  a  smooth  string  photographs 
more  sharply  than  that  of  a  rough  one.^  The  conductivity  of  a  chemi- 
cally silvered  string  usually  increases  for  a  time  due  to  condensation  of 
the  deposit  and  theji  diminishes.  Failure  to  wash  out  all  traces  of 
chemicals  hastens  deterioration.  The  polished  strings  usually  have  a 
longer  life,  perhaps  because  loose  metal  is  rubbed  away  and  what 
remains  is  more  adherent. 

2.  Quartz  Strings  Coated  by  Cathodic  Sputtering.  Much  better  strings 
can  be  made  by  cathode  disintegration  in  vacuum  (9),  (10).  Silver 
may  be  used  in  this  process  also  and  is  the  metal  originally  used  by  the 
writer.  While  it  possesses  certain  theoretical  advantages  on  account  of 
its  high  conductivity  and  low  specific  gravity,  the  absolute  amount  of 
metal  required  is  usually  so  small  that  gold  may  be  substitutd  withs 
advantage.  When  gold  is  used  the  excellence  of  the  coatinges  is  les 
likely  to  be  impaired  by  slight  accidental  contamination  of  the  vacuum 
with  various  vapors  which  are  very  prejudicial  to  silver.  Strings  made 
by  this  process  last  for  years  if  properly  handled  and  will  even  stand 
considerable  abuse.  One  silver  coated  string  was  in  use  for  five  years 
in  the  Columbia  laboratory.  It  was  finally  laid  aside  wile  still  service- 
able because  a  string  of  different  properties  was  requirhed. 

3.  Strings  Silvered  by  Evaporation  of  Metal  at  High  Temperature.  The 
writer  has  also  coated  strings  with  silver  by  evaporation  of  the  metal 
at  high  temperature  (but  below  the  melting  point),  in  a  very  high 
vacuum.  The  process  has  the  advantage  that  coatings  of  suitable 
resistance  can  be  secured  in  from  two  to  four  minutes  instead  of  the  two 
or  three  hours  required  by  the  methods  of  cathode  sputtering.  However, 
the  difiticulty  of  producing  and  maintaining  the  necessary  high  vacuum 
sufficiently  free  from  vapors  which  may  react  with  the  vaporized  silver 
is  very  great.  The  difhculty  is  still  greater  if  one  employs  an  apparatus 
with  ground  joint  which  can  be  used  repeatedly.  Gold  could  not  be  used 
as  it  does  not  evaporate  below  its  melting  point.  It  seemed  easier  to 
develop  a  method  for  coating  large  numbers  of  fibers  by  cathode 
sputtering  at  one  time  and  the  method  of  rapid  evaporation  by  heat 
was  not  further  elaborated. 

4.  Properties  of  Quartz  Strings.  It  may  be  of  service  to  point  out  some 
properties  of  strings  which  are  not  generally  known.    In  making  the 

'  It  is  customary  to  use  a  cylindrical  lens  in  front  of  the  slit  of  the  photographic  recorder. 
If  the  string  is  rough,  the  reduced  image  of  the  shadow  formed  by  the  cylindrical  lens  will  not 
have  well  defined  edges. 
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blank  fibers^"  it  sometimes  happens  that  a  liber  will  be  observed  to  be 
distinctly  curly.  Such  a  fiber  should  always  be  rejected.  It  may  be 
caught  and  stretched  so  that  it  looks  well  and  it  may  be  coated  antl 
used  successfully  provided  it  is  always  used  under  tension  suflicient  to 
keep  it  straight.  If  one  tries  to  use  it  at  such  a  tension  that  the  tendency 
to  curl  can  manifest  itself,  the  zero  and  focal  plane  will  be  found  to 
change  with  every  alteration  of  tension.  It  may  also  go  out  of  focus 
as  it  is  deflected  across  the  field.  These  are  very  annoying  character- 
istics and  limit  the  usefulness  of  the  string  seriously.  Fibers  may  also 
be  tapering,  elliptical  in  section  or  ribbon-like.  All  such  as  well  as  curly 
fibers  should  be  rejected.  The  value  represented  by  a  blank  liber  is  much 
less  than  that  of  the  labor  involved  in  coating,  soldering  and  mounting 
in  the  galvanometer  and  incomparably  less  than  that  A\hich  the  user 
will  waste  in  trying  to  make  measurements  with  it  if  he  e\er  uses  it 
slack. 

Strings  may  acquire  paramagnetic  properties  by  contamination  with 
iron  dust.  For  this  reason  every  care  should  be  exercised  to  keep  them 
protected  from  dust  while  in  storage.  After  mounting  in  the  galvanom- 
eter they  should  not  be  unnecessarily  exposed.  They  seldom  become 
magnetic  while  in  the  galvanometer,  but  the  writer  has  seen  this  hai)i)cn 
as  a  result  of  rubbing  away  a  small  rust  spot  on  one  of  the  polepieces 
while  the  string  was  exposed. 

An  otherwise  good  string  may  have  its  value  much  impaired  in 
soldering  it  to  the  brass  tips  if  through  careless  or  unskillful  manii)ula- 
tion  it  is  given  a  torsion  or  is  embedded  in  the  solder  in  a  direction  which 
makes  an  angle  with  the  direction  the  string  will  take  when  stretched. 
Einthoven  pointed  tliis  out  (7,  p.  315),  and  indicated  how  the  dilVuulty 
might  be  overcome  by  use  of  certain  adjustments.  The  Leyden  galva- 
nometer and  the  one  described  in  Section  II,  §2,  as  Type  A  are  provided 
with  all  these  adjustments.  Type  B,  (Section  II,  §3)  has  one  of  these 
adjustments,  but  it  is  not  altogether  easy  for  the  average  user  to  make 
use  of  them.  If  care  is  used  in  making  the  strings  it  will  seldom  be 
necessary  to  attempt  these  unusual  adjustments  except  in  connection 
with  very  critical  work  at  small  tensions. 

A  good  quartz  string  free  from  the  above  mentioned  delects  and 
centered  properly  in  the  field  of  a  well  made  galvanometer  can  be 
slackened  or  tightened  at  will  without  showing  change  of  zero  or  focal 
plane  so  long  as  it  is  under  moderate  tension.    l-:ven  when  the  tension 

"  For  the  method  of  making  blank  fibers  see  Appendix  G. 
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has  been  greatly  reduced  the  change  in  zero  and  focal  plane  should  be 
very  slight  and  after  re-focussing  a  very  slack  string  it  should  be  possible 
to  deflect  it  entirely  across  the  illuminated  field  without  material  change 
of  focus  and  it  should  return  to  a  practically  constant  zero,  which, 
however,  may  not  be  quite  the  same  as  the  zero  under  greater  tension. 
Under  any  given  tension  the  zero  will  remain  constant  within  about 
one  tenth  mm,  this  figure  referring  to  the  shadow  magnified  1000 
diameters.  To  one  accustomed  to  work  with  delicate  torsional  instru- 
ments this  constancy  of  zero  is  one  of  the  most  striking  features  of  the 
Einthoven  galvanometer. 

It  may  not  be  out  of  place  to  explain  why  so  much  stress  has  been 
laid  on  this  matter  of  alteration  of  tension  without  change  of  focus  and 
zero.  The  string  galvanometer  is  used  almost  entirely  as  a  deflection 
instrument  and  largely  with  apparatus  for  photographic  registration. 
Its  sensitivity  can  be  altered  and  adjusted  with  great  precision  to  any 
predetermined  value  in  a  small  fraction  of  a  minute  provided  the 
requirements  above  outlined  are  met.  This  is  largely  a  matter  of  design 
and  of  care  in  providing  good  strings  and  as  it  will  facilitate  all  work 
to  be  done  with  the  instrument  it  is  distinctly  worth  while.  No  one 
who  has  ever  worked  with  a  galvanometer  possessing  these  good 
qualities  will  ever  care  to  work  with  one  that  lacks  them. 

5.  Metal  Strings.  Fine  metallic  wires  made  by  the  WoUaston  process 
(11)  may  be  used  as  strings.  They  have  been  largely  employed  in  con- 
tinental Europe.  Those  most  generally  used  have  been  of  platinum. 
No  metallic  wire  yet  made  approaches  the  excellence  of  a  good  coated 
quartz  string  for  most  purposes.  Before  smooth  strings  coated  by 
cathode  sputtering  were  available  some  users  of  the  string  galvanometer 
preferred  platinum  strings  because  of  their  smoothness  and  the  clear 
shadow  they  cast  on  the  photographic  surface  when  used  with  a  recorder 
provided  with  a  cylindrical  lens.  This  distinction  they  no  longer  enjoy 
exclusively  as  the  fibers  coated  in  vacuum  are  quite  as  smooth  as  the 
best  Wollaston  wires.  Platinum  has  a  high  specific  gra\ity  and  a 
comparatively  high  specific  resisti\dty.  Its  tensile  strength  is  low.  In 
order  that  the  mass  of  a  platinum  wire  shall  be  small  enough  to  make  it 
suitable  for  use  as  a  galvanometer  string  it  must  be  of  very  small 
diameter  and  it  is  then  very  frail.  Platinum  strings,  at  least  those 
made  from  Wollaston  wire  commercially  available,  are  always  distinctly 
paramagnetic  and  as  they  are  usually  slightly  curly  and  used  at  small 
tension  they  invariably  in  my  experience  change  zero  and  focal  plane 
on  exciting  the  field  in  spite  of  the  most  careful  centering.    Notwith- 
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standing  these  drawbacks  they  have  been  much  used  and  good  work 
has  been  done  with  them. 

Aluminum  wires  made  by  the  Wollaston  process  were  first  used  as 
galvanometer  strings  by  the  late  Professor  J.  K.  A.  Wertheim-Salomon- 
son  of  Amsterdam  (12).  Aluminum  has  a  low  specific  gra\ity,  is  a  good 
conductor  of  electricity  and  its  magnetic  susceptibility  is  about  haL 
that  of  platinum.  It  would  be  an  ideal  material  for  strings  were  it  not 
for  its  low  tensile  strength  and  the  fact  tht  it  seems  to  have  no  particular 
elastic  limit,  but  "flows"  under  tension.  Strings  of  this  metal  will  not 
last  for  any  great  length  of  time  unless  used  at  very  moderate  tensions. 
It  is  difficult  to  make  them  of  very  small  diameter,  but  because  of  the 
low  specific  gravity  of  aluminum  this  would  not  be  a  serious  objection 
and  for  some  work  might  be  an  advantage.  The  really  serious  difficulty 
about  their  use  is  the  yielding  under  tension.  They  may  prove  useful  in- 
some  of  the  physical  applications  of  the  galvanometer  where  very  short 
period  is  not  necessary  and  low  resistance  is  desired. 

Gold  wires  are  easily  prepared  by  the  Wollaston  process.  The 
susceptibility  of  gold  (diamagnetic)  is  still  smaller  than  that  of  alumi- 
num, its  specific  resistivity  is  not  great  and  its  tensile  strength  is  greater 
than  that  of  aluminum,  though  less  than  that  of  platinum.  It  is  less 
easily  drawn  into  extremely  fine  wires  than  platinum  and  would  be 
best  used  for  work  requiring  low  internal  resistance  and  not  very  short 
period.  Its  specific  gravity  is  high.  Wires  of  copper  and  silver  of  such 
dimensions  as  can  be  drawn  directly  without  resort  to  the  Wollaston 
process  may  sometimes  be  serviceable  as  strings  for  special  purposes 
such  as  use  of  the  string  galvanometer  as  a  vibration  galvanometer, 
tuned  to  the  frequency  of  the  impressed  current.  The  alloy  duralumin 
is  light  and  has  a  tensile  strength  much  greater  than  that  of  aluminum. 
I  have  never  been  able  to  get  wires  of  this  alloy  of  very  small  size.  It  is 
very  stiff,  but  may  be  useful  for  special  applications.  Ductile  tungsten 
is  drawn  commercially  to  a  diameter  of  .01  mm.  It  has  a  high  tensile 
strength,  but  is  very  stiff  and  has  a  high  specific  gravity.  It  was  used 
as  string  material  in  the  sound  ranging  galvanometers  during  the  war. 
It  curls  badly  and  cannot  be  used  except  under  tension  sufficient  to 
straighten  out  the  kinks. 

The  metal  glucinum,  otherwise  known  as  beryllium,  is  a  ductile 
element  of  specific  gravity  1.9.  It  is  a  good  conductor  of  electricity. 
If  metallurgists  can  produce  this  material  in  the  form  of  fine  wire  it 
might  be  very  useful  as  string  material  for  some  purposes,  though  I 
have  no  information  as  to  its  tensile  strength  or  elasticity. 
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6.  Handling  of  Strings.  On  account  of  their  extreme  tenuity  quartz 
strings  and  line  metallic  strings  are  not  handled  directly,  but  are 
stretched  on  small  frames,  usually  of  glass,  on  which  they  are  coated 
(or  corroded  in  the  case  of  Wollaston  wire). 

From  these  frames  they  are  transferred  to  brass  tips  by  placing  the 
tips  in  a  suitable  clamp  which  is  held  in  a  vise,  while  the  string  on  its 
frame  clamped  in  an  adjustable  stand  is  moved  into  position  so  that  it 
comes  into  contact  with  the  tips  to  which  it  is  then  soldered  while  still 
stretched  on  the  frame.  A  string  when  stretched  is  easily  visible  to  the 
naked  eye  when  brightly  illuminated.  This  is  true  even  of  strings  so 
thin  as  not  to  be  resolvable  with  a  low  aperture  microscope.  With 
practice  in  observing  them  in  light  of  uniform  intensity  one  can  even 
make  a  rough  estimate  of  the  diameter.  This  depends  on  the  intensity 
of  the  reflected  light.  If  one  end  of  a  string  becomes  free  while  the  other 
is  held  one  gets  occasional  glimpses,  but  is  not  able  to  see  the  entire 
string  at  once.  This  is  a  principal  reason  for  always  manipulating  them 
on  frames.  Wires  as  large  as  .01  mm  may  be  handled  like  larger  wires, 
but  even  these  are  more  easily  handled  when  stretched. 

Strings  are  stored  in  holders  provided  with  clamps  in  which  the  brass 
tips  are  fastened.  From  these  they  may  be  transferred  to  the  galvanom- 
eter by  means  of  a  special  clamp  or  manipulator  which  should  have,  a 
simple  tension  adjustment.  It  is  also  a  convenience  if  the  ends  of  the 
manipulator  are  insulated  from  each  other  and  pro\ided  with  binding 
posts  so  that  resistance  measurements  may  be  made  while  the  string 
is  in  the  device.  In  transferring  a  string  the  manipulator  is  clamped 
upon  the  brass  tips  before  these  are  released  from  the  storage  clamps. 
It  is  then  clamped  in  the  galvanometer  without  releasing  the  manipu- 
lator clamps  which  arc  unscrewed  after  the  tips  are  firmly  fastened  in 
the  galvanometer. 

7.  Repair  of  Strings.  Coated  quartz  strings  if  accidentally  subjected 
to  too  great  a  tension  may  lose  their  conductivity.  This  is  usually  due 
to  separation  of  the  coating  from  the  solder  at  the  joint.  By  slackening 
the  string  in  a  manipulator  and  warming  the  solder  gently  with  a  small 
copper,  it  may  be  drawn  further  into  the  solder.  In  this  work  it  is  well 
to  hold  the  manipulator  in  a  vise  and  its  binding  posts  may  be  kept 
connected  with  a  bridge  so  that  the  conductivity  may  be  tested  at  each 
step  of  the  operation.  If  conductivity  is  not  restored  by  the  first 
attempt,  slacken  again  and  draw  in  the  other  end.  This  will  usually  be 
effective  and  the  final  resistance  should  not  differ  much  from  the  value 
before  the  accident.    These  fibers  are  usually  soldered  with  the  alloy 
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known  as  Wood's  metal  which  melts  at  70°C.  The  copper  used  in 
soldering  should  be  heated  over  a  flame  until  the  water  of  condensation 
evaporates  again.  It  will  then  be  hot  enough  to  melt  the  alloy  and  if  of 
small  size  it  will  cool  rapidly  which  will  faciHtate  its  withdrawal,  leaving 
the  string  held  by  the  solidifying  metal.  The  useful  life  of  a  string  may 
often  be  greatly  extended  by  repair  in  this  manner. 

Section  2.    Description  of  IxsTRUiMEXTS 

1.  TJic  Leyden  Model.  The  Leyden  IModel  is  fully  described  in 
Einthoven's  paper  (7)  on  construction  which  may  be  consulted  for 
additional  details.  The  principal  features  are  an  electromagnet  consist- 
ing of  two  iron  cores  8  cm  in  diameter  and  31  cm  long,  connected  by  a 
heavy  yoke  of  rectangular  section  29.5  cm  long,  14.8  cm  high  and  6  cm 
thick.  At  the  end  opposite  the  yoke  the  cores  pass  through  holes  in  a 
heavy  bronze  plate  to  which  the  polepieces  are  fastened.  The  pole-  - 
pieces,  also  of  rectangular  section,  are  12.5  cm  high,  6  cm  wide  and  8  cm 
long  exclusive  of  the  wedgeshaped  ends.  The  top  angle  of  the  wedge  is 
90°  and  the  polefaces  are  2  mm  wide.  The  airgap  is  2  mm  long  measured 
in  the  direction  of  the  Hnes  of  force.  The  polepieces  are  bolted  to  the 
cores  as  well  as  to  the  bronze  plate  and  the  wedgeshaped  spaces  between 
them  are  filled  with  snugly  fitted  brass  wedges.  The  rear  wedge  is  held 
in  place  by  the  bronze  plate  and  that  in  front  by  two  heavy  bronze  bars. 
The  polepieces  are  thus  firmly  braced  against  mechanical  stress  pro- 
duced by  the  magnetic  field.  The  cores  are  wound  with  1843  turns  of 
copper  wire  2.2  mm  in  diameter,  the  resistance  of  the  coils  in  series 
being  2.6  ohms.  Originally  this  instrument  was  provided  with  leveling 
screws,  but  these  were  abandoned  as  it  was  found  that  notwithstanding 
the  fact  they  w^efe  well  fitted  the  slight  play  magnified  the  etTect  of 
mechanical  vibration  ten  fold.  Other  features  of  this  instrument  have 
been  mentioned  already.  In  point  of  convenience  of  operation,  pre- 
cision and  sensiti\ity  this  original  instrument  left  little  to  be  desired. 
It  has,  however,  one  disadvantage:  it  is  essentially  dilVicult  and  ex- 
pensive to  construct. 

2.  New  Design,  Type  A.  In  1916  the  writer  described  at  a  meeting 
of  the  American  Physical  Society  in  New  York  City,  a  new  construcUon 
of  the  string  galvanometer.'^  The  accomininying  figures,  1.  2  and  3,  are 

11  The  design  of  this  instrument  was  undertaken  at  the  request  of  the  Rockefeller  InsUtute 
for  I^Iedical  Research  when  the  coming  of  the  war  in  1914  prevented  them  fn.m  procuring 
the  contruction  in  Europe  of  a  copy  of  the  Leyden  Model.  The  rc-design.ng  «^s  done  to 
reduce  the  expense  of  construction.  The  form  of  the  magnet  was  suggested  by  that  ot  inc 
older  half-string  magnet  of  DuBois  (l.^).  • 
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from  photographs  of  this  instrument,  which  for  brevity  will  hereafter 
be  referred  to  as  Type  A.    In  the  Leyden  Model  soft  Swedish  iron  was 


I'K;.  1.   lyprA.  All  parts  in  place. 


^HlGpiflHI^I^H  *  *                    ^  e  I^^^^^bH  Kl^k 

Fig.  2.    Type  A.   Front  bracing  bars  and  urdge  removed.   String  housings  open.   Device  used  to 
insert  strings  is  shoivn  lying  in  front  of  the  instrument. 

used  for  the  entire  frame  of  the  magnet.  In  Type  A  the  yoke  is  a 
casting  of  special  low  carbon  steel  of  high  permeability.  In  the  first 
instruments  of  this  type  Swedish  iron  was  used  for  the  pole    pieces 
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When  Swedish  iron  of  really  high  grade  is  available,  it  is  a  slight  ad- 
vantage to  use  it  for  pole  pieces,  but  much  Swedish  iron  contains  scams 
of  oxide  introduced  through  folding  in  the  forging  of  the  blooms  and 
these  seams  materially  lower  the  permeability.  It  is  also  very  tough 
and  difficult  to  work  so  that  its  use  adds  to  the  expense  of  construction. 
Some  instruments  made  with  polepieces  of  this  iron  were  no  better 
than  others  made  entirely  of  the  soft  cast  steel.  The  diameter  of  the 
cross-section  of  the  yoke  is  8  cm,  the  same  as  that  of  the  cores  of  the 
Leyden  ISIodel.  The  polepieces  are  of  the  same  height  and  width  as 
those  of  the  Levden  ]\Iodel,  but  longer  to  fit  the  milled-ofl  ends  of  the 


Fig.  3.   Type  A .  Rear  view  shovdng  method  of  mounting  string  housings. 

ring-shaped  yoke.  The  airgap  in  most  of  these  instruments  has  been 
2  mm,  as  in  the  Leyden  Model,  but  a  few  have  been  made  with  1.5  mm 
airgap.  These  give  greater  field  strength  for  a  given  exciting  current 
and  offer  but  little  more  difficult  in  the  matter  of  inserting  strings,  really 
presenting  no  difficulty  at  all  to  a  skilled  technician.  The  exciting  coils 
are  of  No.  11  B&S  gauge  copper  wire,  of  which  there  are  1920  turns. 
This  wire  is  wound  in  a  series  of  flat  coils.  The  coils  are  wound  on 
forms,  then  taped  and  connected  in  series  after  being  ^^trung  on  the  yoke. 
The  resistance  of  the  coils  in  series  is  2.5  ohms. 

The  strings  are  mounted  in  cylindrical  housings  which  can  be  seen 
clearly  in  the  figures.  The  clamps  which  hold  the  string  tips  are  Msible 
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in  Fig.  2,  which  shows  the  instrument  with  the  front  wedge  removed 
and  the  string  housings  opened.  The  string  tips  can  also  be  seen,  and 
lying  on  the  table  before  the  instrument  is  the  manipulator  used  in 
removing  and  inserting  strings.  The  clamps  which  hold  the  string  tips 
are  adjustable  parallel  to  and  perpendicular  to  the  polefaces,  by  screws, 
two  of  which  show  in  the  figure.  The  upper  housing  is  taller  and  con- 
tains in  its  upper  part  the  adjustment  for  altering  the  tension  of  the 
string.  This  adjustment  consists  of  a  screw  driven  by  a  worm  and  gear 
and  opposed  by  a  spring.  The  airgap  is  closed  in  by  brass  wedges  as  in 
the  Leyden  Model.  In  Fig.  2  one  of  the  wedges  is  lying  on  the  table 
and  in  Fig.  1  it  is  shown  in  place.  These  wedges  are  scraped  and  ground 
to  a  close  fit.  Cylindrical  gates  which  rotate  in  the  housings  complete 
the  closure,  the  arrangement  being  evident  in  the  figures.  Besides  the 
opening  in  the  front  of  the  housings  there  is  one  at  the  side  also  closed 
by  the  rotation  of  the  gate.  This  admits  the  screwdriver  when  a  new 
string  is  to  be  clamped  in  place  and  also  permits  the  operator  to  view 
the  string  laterally  so  as  to  judge  of  the  centering  in  the  antero-posterior 
direction.  In  observing  the  lower  end  a  small  mirror  is  used  for  the 
lateral  view.  When  the  wedges  are  in  place  and  the  gates  closed  the 
string  is  well  protected  against  dust  and  air  currents,  so  that  it  is  not 
necessary  to  cover  the  entire  instrument. 

The  polepieces  are  braced  in  rear  by  a  small  bronze  plate  which  fits 
between  the  butt  ends  of  the  iron  ring  and  is  screwed  to  the  polepieces. 
In  front  are  two  bronze  bars  which  further  brace  the  instrument  and 
hold  the  front  wedge  in  place.  Both  string  housings  are  mounted  on  a 
massive  bronze  carrier,  the  back  of  which  can  be  seen  in  the  rear  view, 
Fig.  3.  This  carrier  is  held  against  the  rear  bronze  place  by  heavy  bronze 
spiral  springs  and  is  located  by  adjustable  screws  whose  tips  rest  in  a 
point,  groove  and  plane  respectively,  the  well  known  arrangement  of 
Lord  Kelvin.  The  upper  and  lower  plates  of  this  carrier  do  not  come  in 
contact  with  the  top  and  bottom  of  the  polepieces,  but  have  a  slight 
clearance.  Felt  washers  let  into  these  plates  make  a  dust-proof  joint 
and  prevent  disturbance  by  air  currents. ^^ 

The  microscope  tubes  slide  in  sleeves  bored  and  lapped  individually 
to  as  close  a  fit  as  will  permit  the  necessary  freedom  of  movement.  The 
sleeves  have  a  shoulder  which  fits-  in  a  centering  box  provided  with 
three  adjusting  screws.  The  fit  of  the  shoulder  in  this  box  is  made  so 
close  that  the  friction  will  hold  it  in  position  even  if  all  the  adjusting 
screws  are  loosened.  There  are  no  gibs  or  springs  and  when  one  screw  is 

"  In  connection  with  this  carrier  see  footnote  6,  Section  1-B,  Article  4. 
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loosened  another  must  be  tightened  before  movement  will  take  place. 
A  centering  box  so  made  is  incomparably  more  rigid  than  the  usual 
constructions  and  adjustments  can  be  made  with  it  quite  as  easily. 
The  adjustment  once  made  is  far  less  liable  to  accidental  change  than  is 
the  case  where  easy  tits  and  the  use  of  springs  and  gibs  is  adopted.  No 
coarse  adjustment  for  focussing  is  needed.  For  fine  adjustment  a  cap 
fits  over  the  microscope  and  against  a  shoulder  on  the  tube,  a  ball 
bearing  thrust  collar  being  interposed.  The  tube  is  pushed  out  by  a 
coiled  spring  made  large  enough  to  slip  freely  over  the  tube.  The  cap 
screws  to  a  threaded  collar  on  the  sleeve.  The  screw  threads  of  this 
adjustment  are  carefully  made  on  a  thread-milling  machine  and  in  spite 
of  the  large  diameter  they  function  smoothly.  Adjustable  screw  stops 
are  provided  so  that  the  microscopes  can  never  be  screwed  iij  far  enough 
to  touch  the  string.  They  require  to  be  adjustable  as  the  lens  mountings, 
vary  somewhat  in  length.  When  once  adjusted  no  further  change  is 
needed  unless  the  lenses  are  changed.  As  the  mountings  of  objectives 
vary  in  length,  care  should  be  taken  to  see  whether  the  stops  require 
readjustment  if  lenses  are  changed. 

In  the  Leyden  Model  there  was  an  opening  from  the  airgap  along  the 
microscope  tubes  which  required  to  be  packed  lightly  with  soft  paper 
to  prevent  disturbance  of  the  string  by  air  currents.  This  opening  is 
effectually  closed  in  Type  A  by  the  manner  of  mounting  the  micro- 
scopes. 

The  entire  instrument  stands  on  three  legs  without  leveling  screws. 
The  instrument  has  been  used  to  record  the  human  electrocardiogram 
in  a  factory  building  where  a  large  number  of  machine  tools  were  in 
operation,  without  any  disturbance  from  mechanical  vibration  appear- 
ing in  the  photographic  records.  The  instrument  stood  on  an  ordinarily 
substantial  wooden  table,  but  no  other  precaution  against  disturbance 
was  taken  except  the  constructional  features  of  the  instrument  itself 
already  mentioned.  Besides  the  rigidity  of  the  microscopes  the  power 
of  the  optical  system  and  the  strength  of  the  magnetic  field  contribute 
to  the  result  as  the  string  is  tighter  for  a  given  sensitivity  than  it  would 
be  in  a  less  powerful  instrument.  Special  emphasis  should  be  laid  on 
this  comment  as  the  shortcomings  of  inferior  designs  have  led  to  a 
widespread  opinion  that  the  string  galvanometer  is  especially  suscep- 
tible to  disturbance  by  vibration  and  requires  elaborate  precautions 
to  protect  it.  The  reverse  is  true  of  a  good  instrument  and  there  is 
probably  no  instrument  comparable  in  current  sensitivity  with  the  slnng 
galvanometer  which  is  so  little  afectedhy  vibration.    Type  A  was  planned 
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for  laboratory  use,  but  on  account  of  the  difficulty  of  obtaining  satis- 
factory instruments  for  clinical  use  during  and  immediately  following 
the  war  years  a  number  of  these  large  galvanometers  were  supplied  to 
hospitals  and  clinics.  In  the  spring  of  1919  the  maker^^  suggested  that 
the  design  of  a  new  model  be  undertaken  with  a  view  to  providing  an 
instrument  suited  particularly  to  the  needs  of  physicians  and  capable 
of  being  manufactured  at  a  lower  cost  than  Type  A. 


Fig.  4.  Type  B.  All  parts  in  place. 

3.  New  Design,  Type  B.  The  problem  of  designing  this  new  instru- 
ment had  not  been  long  under  consideration  when  it  was  realized  that 
it  would  be  possible  to  make  it  not  only  a  smaller  and  more  convenient 
instrument  for  clinical  use,  but  also  a  precise  galvanometer  of  com- 
paratively small  size  wliich  would  be  capable  of  doing  most  of  the  work 
for  wliich  the  large  galvanometer  is  suited  and  even  better  adapted  for 
some  applications.  Figs.  4  and  5  show  this  instrument,  the  design  of 
which  was  completed  in  the  spring  of  1920.  The  result  desired  in  Type  B 
was  an  instrument  of  smaller  weight  and  less  cost,  but  of  quality  equal 

"  These  instruments  were  made  by  ]\Ir.  Cliarles  F.  Hindle.  I  take  this  opportunity  to 
acknowledge  my  indebtedness  to  his  mechanical  skiU  and  to  express  my  appreciation  of  his 
conscientious  efforts  to  meet  every  requirement.  Though  the  writer  is  responsible  for  the 
essential  features  of  the  design  of  these  instruments,  even  to  many  of  the  minor  details,  much 
was  left  to  the  discretion  of  Mr.  Hindle  and  he  has  initiated  various  improvements.  The 
manufacture  is  now  carried  on  by  the  Cambridge  Instrument  Co.,  Inc. 
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to  that  of  Type  A.  It  was  desired  to  retain  the  same  optical  system  and 
at  the  same  time  make  such  arrangements  as  to  minimize  the  special 
skill  required  of  the  operator. 


Fig.  5.  Type  B.  Upper  and  lower  string  caps  removed,  string  carrier  in  place. 

The  size  of  the  magnet  is  determined  by  the  dimensions  of  the  airgap 
and  the  field  strength  desired.  The  height  of  the  airgap  depends  on 
the  string  length.  If  strings  were  perfectly  flexible  and  if  it  wt-rc-  not 
necessary  to  perforate  the  magnet  for  the  optical  system,    the  obvious 


Fig.  6.  Stritig  carrier  for  Type  B. 


way'to'make  a"smairgalvanometcrVould''be  to'rcducc  the  length  ui  the 
string  indefinitely.  Previous  experience  with  a  galvanometer  hastily 
constructed  in  the  writer's  laboratory  some  eight  years  before  to  meet 
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a  special  requirement  had  provided  the  information  that  a  pole  length 
of  six  cm  was  not  too  short  for  good  results  and  this  length  was  chosen 
for  Type  B.  Another  factor  which  afTects  the  size  of  the  magnet  is  the 
leakage  flux.  With  high  flux  density  in  the  airgap  this  is  certain  to  be 
large  and  with  a  distributed  winding  it  will  be  somewhat  larger  than 
with  a  concentrated  one.  The  principal  reluctance  to  be  overcome  is  in 
the  airgap  and  the  shorter  we  make  this  the  less  will  be  the  coefficient  of 
leakage  and  the  smaller  the  number  of  exciting  turns  may  be.  With  a 
short  gap  the  diameter  of  the  iron  cores  may  also  be  reduced. ^^ 

Apart  from  the  reduction  in  height  of  the  polepieces,  the  chief 
feature  in  the  design  of  Type  B  which  makes  possible  reduction  of 
size  and  weight  is  the  length  of  the  airgap  which  has  been  made  one 
half  mm.  The  construction  of  the  string  mounting  is  shown  in  Fig.  6. 
It  is  made  in  a  single  removable  unit  containing  the  centering  devices 
and  also  the  spring  and  slide  of  the  tension  adjustment.  To  center  the 
strings  this  mounting  is  put  into  a  special  fixture  made  of  hardened 
cast  steel,  carefully  seasoned  and  ground  to  dimensions  with  great 
precision.  In  this  fixture  the  string  can  be  centered  with  the  necessary 
accuracy,  the  work  being  controlled  with  a  low  power  microscope 
provided  with  an  ocular  micrometer.  Guides  are  provided  on  the 
m.ounting  which  fit  corresponding  parts  on  the  magnet  so  that  the 
centered  string  can  be  inserted  without  danger  of  coming  into  contact 
with  the  polepieces  or  the  lenses.  The  microscopes  are  centered  on  the 
string  and  with  each  other.  By  the  use  of  suitable  jigs,  fixtures  and 
gauges  in  manufacture  it  is  possible  to  make  the  magnets  so  nearly  alike 
that  when  the  microscopes  have  once  been  centered  on  any  string 
which  has  been  located  in  the  mounting  by  means  of  the  centering 
fixture,  any  other  string  centered  in  this  fixture  may  be  inserted  in  the 
galvanometer  and  its  shadow  will  at  once  appear  at  or  near  the  center 
of  the  illuminated  field.  This  is  an  advantage  to  the  user  who  does  not 
wish  to  incur  the  risk  and  trouble  of  handling  strings  and  centering 
them  himself.  It  is  also  convenient  if  one  wishes  to  keep  at  hand  several 
mountings  containing  strings  of  different  resistance,  etc.    These  may 

"  It  was  part  of  the  original  plan  of  this  paper  to  give  in  some  detail  the  calculations  on 
which  the  design  of  this  magnet  was  based.  The  paper  has  grown  to  such  size  that  it  seems 
best  not  to  expand  it  unnecessarily  and  it  appears  probable  that  anyone  who  would  be  likely 
to  make  use  of  magnetic  data  in  design  would  already  be  fairly  familiar  with  the  subject. 
An  excellent  practical  treatment  is  to  be  found  in  "The  Magnetic  Circuit,"  by  V.  KarapetofiF, 
McGraw-Hill  Book  Co.,  New  York,  1911.  DuBois'  "Magnetische  Kreise"  will  provide 
additional  data  and  bibliography. 
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be  interchanged  in  a  fraction  of  a  minute.  When  not  in  the  galvanom- 
eter the  mounting  and  string  can  be  kept  in  a  du.stproof  metal  box  in 
which  it  may  also  be  shipped  conveniently.  The  construction  is  such 
that  the  skilled  technician  may  insert  and  center  his  own  strings  while 
those  who  prefer  may  have  this  service  performed  for  llu-m  bv  the 
maker.  When  the  mounting  is  in  place  the  lower  end  is  covered  by  a 
cap  provided  with  a  bayonet  joint.  The  upper  end  is  covered  with  a 
housing  which  carries  the  wormgear  and  screw  of  the  tension  adjust- 
ment. The  microscopes  are  similar  in  all  respects  to  those  used  in 
Type  A,  except  that  it  has  been  possible  to  reduce  the  tube  length  to 
160  mm.  In  Type  A  the  tube  length  is  250  mm  so  that  objectives 
corrected  for  use  in  the  one  type  should  not  be  used  in  the  other. 

The  magnet  frame  consists  of  two  similar  castings  of  high  per- 
meability steel,  cores  and  polepieces  being  cast  in  one  piece.  There  is 
no  separate  yoke,  but  the  cores  curve  around  behind  and  terminate  in 
flanges  which  bolt  together  in  the  midline  opposite  the  airgap.  There 
is  thus  but  one  joint  in  the  iron.  The  magnet  coils  are  disposed  similarly 
to  those  in  the  Leyden  jModel,  but  the  legs  are  separated  further.  There 
are  1000  turns  in  the  exciting  coils  equally  divided  between  the  two 
legs  and  their  resistance  in  series  is  1.5  ohms. 

4.  Other  Models.  It  would  require  much  space  and  some  information 
not  at  the  writer's  command  to  describe  all  of  the  various  constructions 
which  have  been  made  either  privately  or  commercially.  We  shall 
mention  a  few  which  are  important  either  from  the  large  number  in 
use  or  because  of  their  interest  in  connection  with  the  development  ol 
this  instrument.  Dr.  Einthoven  has  developed  several  types  since  the 
construction  of  his  original  modeP^  and  these  he  will  probably  describe 
soon.  One  very  interesting  model  has  been  described  recently  by  his 
son,  W.  F.  Einthoven  (14).  In  this  instrument  the  strings  are  extremely 
short  and  are  mounted  in  the  space  between  the  lenses  so  that  the  field 
available  for  operation  is  merely  the  leakage  into  the  region  of  the 
perforation.    It  is,  nevertheless,  sufficient. 

The  late  Dr.  J.  K.  A.  Wertheim-Salomonson  designed  and  built 
privately  several  string  galvanometers.  In  these  instruments  the  wind- 
ings were  concentrated  and  the  iron  so  arranged  as  to  give  two  parallel 
magnetic  circuits.  The  string  is  mounted  on  a  removable  member. 
Another  model  with  concentrated  windings  was  designed  by  Dr.  (George 
Fahr  for  Professor  L.  Asher,  of  Berne.    An  instrument  ba.'^ed  on  tliis 

"•  Oral  communication. 
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design,  but  considerably  modified,  is  built  commercially  by  Stoppani 
of  Berne.  Boulitte,  of  Paris,  builds  a  simple  and  compact  string  gal- 
vanometer designed  by  Mr.  Lucien  Bull,  of  the  Institut  Marey.  This 
instrument  is  developed  from  the  small  instrument  designed  by  Mr. 
Bull  during  the  War  as  a  part  of  the  Bull-Tucker  sound-ranging  equip- 
ment. I  have  not  seen  this  instrument  and  know  it  only  from  the 
catalog  of  the  maker.  It  seems  to  lack  certain  adjustments  which  I 
regard  as  essential  in  an  instrument  adapted  to  general  service,  for 
example  I  can  see  no  provision  for  the  accurate  centering  of  the  strings. 
Presumably  it  has  been  found  serviceable  for  the  work  it  is  designed  to 
do,  clinical  electrocardiography. 

The  Cambridge  Instrument  Company,  Ltd.,  of  England,  has  made 
a  large  number  of  string  galvanometers  after  a  design  by  the  late  Mr. 
W.  Duddell.  In  this  instrument  the  string  is  enclosed  in  a  thin  brass 
box  provided  with  thin  mica  windows  at  the  center.  The  box  hangs  on 
a  point-groove-plane  support  which  permits  it  to  be  adjusted  in  the 
airgap  and  there  is  a  screw  adjustment  in  a  direction  at  right  angles 
to  the  direction  of  the  lines  of  force.  The  enclosure  of  the  string  offers 
obvious  advantages,  but  as  the  lenses  cannot  be  brought  close  to  the 
string,  their  possible  aperture  is  limited.  The  usual  equipment  is  a 
16  mm  apochromatic  objective  of  N.A.  0.30  as  projection  lens.  It  is 
possible  to  use  an  8  mm  objective  of  N.A.  0.65  by  bringing  the  string 
close  to  one  side  of  the  box,  but  this  can  be  done  only  if  the  string  is  to 
be  used  under  tension  sufficient  to  keep  it  taut.  The  advantage  apart 
from  better  optical  definition  is  that  at  the  higher  magnification  thus 
made  possible  the  range  of  proportionality  of  the  instrument  is  in- 
creased. This  instrument  is  also  supplied  with  a  box,  or  'Sdbrator 
case,"  containing  two  strings  which  may  be  projected  simultaneously 
on  the  same  photographic  registering  device.  This  is  useful  for  recording 
two  related  trains  of  events,  such  as  current  and  voltage.  In  the  original 
design  there  was  a  single  large  exciting  coil  placed  on  the  yoke  opposite 
the  airgap.  This  was  not  an  ideal  design  from  the  standpoint  of  energy 
consumption  and  avoidance  of  leakage  and  the  instrument  is  now  made 
with  the  winding  distributed  in  two  coils  on  the  legs  of  the  magnet. 
This  instrument  is  satisfactory  for  electrocardiography,  for  which  it 
has  been  largely  used,  and  for  other  apphcations  where  the  string  is 
under  tension.  It  can  be  used  with  the  string  slack,  but  is  less  con- 
venient in  this  condition  than  an  instrument  provided  with  screw 
adjustments  for  centering  the  string,  as  the  centering  by  swinging  the 
box  is  not  so  easily  accompHshed.  On  account  of  the  method  used  for 
adjustment  of  the  string  in  the  box  there  is  apt  to  be  lateral  and  torsional 
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stress  at  the  ends  of  the  string  which  causes  more  change  of  zero  and 
focal  plane  than  occurs  with  the  Leyden  type  or  instruments  based  on 
it.  The  change  of  zero  is  readily  compensated  by  the  lateral  adjustment 
screw  and  if  the  16  mm  lens  is  used  there  is  sufficient  working  distance 
to  permit  of  keeping  the  string  in  focus.  The  microscope  mounting  is  a 
geometrical  clamp  which  makes  this  instrument  also  very  insensitive 
to  vibration. 

Edelmann  of  IMunich  was  probably  the  first  instrument  maker  to 
build  string  galvanometers  commercially.  His  first  three  instruments 
were  based  on  the  Leyden  Model  and  were  very  similar  to  it.  He  then 
designed  an  instrument  with  concentrated  windings  whose  form  was 
evidently  suggested  by  the  large  Weiss  electromagnet.  A  considerable 
number  of  these  instruments  came  into  use  between  1907  and  1914. 
The  string  is  mounted  on  a  separate  carrier  with  centering  screws  and  a. 
pinion  and  gear  tension  adjustment.  The  optical  system  was  that 
adopted  by  Einthoven.  The  instrument  is  nicely  made,  but  certain 
features  of  the  design  are  not  too  happily  chosen.  Briefly  the  principal 
criticism  pertains  to  lack  of  rigidity  in  the  magnet  frame  and  in  the 
microscope  mountings.  The  string  carrier  is  also  lacking  in  solitlity. 
The  magnet  frame  deforms  on  exciting  the  field,  so  as  to  change  the 
alignment  of  the  microscopes  and  destroy  the  parallelism  of  the  pole- 
faces.  This  difliculty  can  be  overcome  by  bolting  across  the  top  of  the 
frame  a  rectangle  of  cast  iron  with  one  side  removable  to  permit 
insertion  and  removal  of  the  string  carrier.  The  instrument  was 
evidently  designed  with  a  view  to  exclusion  of  dust  and  air  currents, 
but  the  means  adopted  are  insufiicient  and  the  instrument  should  be 
covered  with  a  box.  It  is  decidedly  sensitive  to  vibration  on  account 
of  the  manner  of  mounting  of  the  microscopes.  Removal  of  the  leveling 
screws  is  a  help  and  if  necessary  the  entire  instrument  may  be  mounted 
on  a  Julius  suspension.  On  account.of  its  excellent  optical  system  it  is 
worth  while  to  make  these  alterations.  The  writer  has  used  an  Edel- 
mann galvanometer  so  altered  with  good  results.  Edelmann  also 
constructed  a  large  model  with  permanent  magnets  and  several  smaller 
models,  some  with  permanent  magnets  and  some  with  electromagnets. 
The  latter  heated  badly  and  would  not  maintain  constant  sensitivity 
long  enough  to  be  used  for  serious  measurements  '15).  The  permanent 
magnet  small  type  was  lacking  in  sensitivity  and  had  no  considerable 
range  of  proportionality.  The  adjustments  on  these  small  instruments 
were  extremely  crude.  There  was  also  an  Edelmann  instrument  with 
two  strings  in  one  magnetic  field  which  I  have  not  seen. 
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Another  galvanometer  designed  for  clinical  use  is  by  Huth  of  Berlin. 
This  has  a  ring-shaped  frame  with  polepieces  projecting  inward  so  as 
to  give  two  parallel  magnetic  circuits.  The  windings  are  concentrated 
over  the  poles.  The  first  instruments  must  have  heated  from  the  energy 
dissipated  in  the  magnet  coils  as  later  instruments  were  equipped  with 
metallic  fin  radiators  embedded  in  the  windings  and  projecting  out 
for  a  considerable  distance.  The  string  mounting  is  detachable  and 
provided  with  a  cover  which  is  automatically  removed  as  the  mounting 
is  screwed  into  place.  There  is  thus  combined  the  advantage  of  the 
protecting  box  with  the  advantage  of  using  the  naked  string  so  that 
lenses  of  high  aperture  can  be  employed.  I  do  not  know  what  lenses 
were  provided.  The  instrument  I  saw  did  not  give  good  optical  results, 
perhaps  because  the  lenses  could  not  be  centered.  I  believe  this  was 
supposed  to  be  done  once  for  all  by  the  maker. 

During  the  war  an  instrument  designed  by  Mr.  Lucien  Bull  was  much 
used  for  sound  ranging.  Six  strings  were  mounted  in  one  magnetic  field. 
These  instruments  were  not  used  as  current  measurers,  but  as  indicators 
of  the  time  of  beginning  of  a  current.  It  was  unnecessary  to  provide 
elaborate  adjustments  either  for  centering  or  for  regulation  of  tension. 
The  strings  were  mounted  on  a  frame  provided  with  insulating  bridges 
and  spacing  pins  and  were  fastened  at  one  end  to  fixed  pins  and  at  the 
other  end  to  pins  which  could  be  rotated  like  the  keys  of  a  banjo.  The 
tension  could  thus  be  regulated  to  a  suitable  value  and  as  the  variations 
due  to  temperature  change  made  no  material  difference  the  fact  that  the 
adjustment  was  not  particularly  convenient  was  not  objectionable. 
This  string  mounting  from  its  peculiar  construction  was  aptly  known 
in  the  Service  as  a  "harp."  These  instruments  were  extensively  and 
effectively  used  in  the  English,  French  and  United  States  armies.  The 
sensitivity  did  not  require  to  be  great  and  low  power  optical  systems 
were  used,  the  projection  lens  being  a  photographic  objective  giving 
a  magnification  of  about  thirty  diameters.  The  six  strings  spaced  about 
a  half  mm  apart  made  a  system  whose  magnified  shadows  were  a  con- 
siderable distance  apart.  Each  shadow  was  intercepted  by  a  small 
prism  which  picked  up  a  small  part  of  the  adjacent  pencil  of  fight.  By 
suitable  adjustment  of  the  six  prisms,  the  six  small  pencils  of  fight  could 
be  brought  side  by  side  on  a  strip  of  photographic  paper  some  three  cm 
wide  and  so  aligned  that  simultaneous  movements  of  the  wires  would 
fall  on  the  same  ordinate  of  the  record.  Such  an  arrangement  has 
obvious  physical  and  engineering  applications. 
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Sanborn,  instrument  maker  of  Boston,  has  recently  placed  on  the 
market  a  string  galvanometer  of  small  size  as  part  of  an  equipment  for 
clinical  electrocardiography.  The  writer  has  seen  one  of  these  instru- 
ments, but  has  no  data  as  to  its  constants  or  performance. 

Section  3.  Determination  of  the  Physical  Constants 

1.  The  Strength  of  the  Magnetic  Field.  The  strength  of  the  magnetic 
field  may  be  determined  in  several  ways.  Einthoven  (7)  has  employed 
a  balance  method  as  has  Wertheim-Salomonson  (6),  who  used  also 
the  method  involving  change  in  resistance  of  bismuth  wire.  The  use  of 
an  exploring  coil  and  ballistic  galvanometer  is  an  obvious  method  and 
may  be  applied  in  several  ways.  A  variation  of  this  last  method  would 
be  the  employment  of  a  direct  reading  fluxmeter,  but  on  account  of 
the  smallness  of  the  airgap  a  coil  of  many  turns  cannot  be  employed 
and  the  ballistic  galvanometer  will  give  better  results. 

The  curve  of  magnetization  may  be  obtained  from  a  number  of 
observations  by  any  of  these  methods  at  different  strengths  of  exciting 
current.  It  may  also  be  obtained  as  was  done  by  Einthoven  (7)  by 
noting  the  increase  in  deflection  of  a  quartz  fiber  kept  at  constant 
tension  and  carrying  a  constant  direct  current  wliile  the  exciting 
current  on  the  field  coils  is  gradually  increased  from  zero  to  the  maxi- 
mum value. 

Either  the  maximum  or  the  average  field  strength  can  be  obtained 
by  any  of  the  above  methods.  The  quantity  //,  which  enters  the 
equations  of  Part  1,  is  not  the  maximum  but  the  elective  field  strength. 
By  this  we  mean  the  strength  of  that  uniform  field  in  whirh  the  de- 
flection of  the  middle  point  of  the  string  prodLUcd  by  steady  direct 
current  would  be  the  same  as  in  the  actual  field.  Einthoven  has  ob- 
tained a  value  of  the  effective  field  by  measurement  of  the  electro- 
magnetic damping  of  a  quartz  string. 

Referring  to  Eq.  (6),  Part  1,  it  will  be  seen  that  all  the  quantities 
are  easily  measurable  except  //  and  m.  If  w  can  be  determined  inde- 
pendently of  //,  the  latter  becomes  known.  It  is  not  possible  to  deter- 
mine with  any  great  approach  to  accuracy  the  value  of  m  for  a  coated 
quartz  string  from  measurements  of  the  diameter  and  resistance.  For 
the  purpose  of  determination  of  field  strength  it  is  not  necessary  that 
the  inertia  of  the  string  shall  be  small  as  all  the  measurements  except 
that  of  natural  period  are  made  in  the  state  of  equilibrium  and  large 
inertia  in  no  way  hinders  determination  of  the  period.  If  we  substitute 
for  the  light  string  a  metallic  wire  of  suitable  diameter,  we  may  deter- 
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mine  its  linear  density  in  advance  by  weighing  a  measured  length,  say 
a  meter.  We  should,  however,  bear  in  mind  that  Eq.  (6)  was  developed 
on  the  assumption  that  the  string  is,  or  is  similar  to,  a  perfectly  flexible 
conductor.  The  quartz  string  approximates  to  this  assumption  so  long 
as  the  tension  is  large  in  comparison  with  the  force  required  to  overcome 
rigidity.  The  metallic  wire  should  be  put  under  correspondingly  great 
tension.  In  any  event  the  rigidity  will  tend  to  make  the  measured  value 
of  the  effective  field  smaller  than  the  actual  value.  To  carry  out  the 
measurement  the  wire  is  deflected  by  steady  current  whose  strength 
is  measured  with  a  suitable  instrument.  The  deflection  of  the  shadow 
is  measured  and  the  circuit  opened.  The  wire  returns  to  the  position 
of  equihbrium  after  a  long  series  of  oscillations  and  while  these  are 
taking  place  a  record  of  the  motion  is  made  on  a  photographic  plate  or 
film  moving  at  the  rate  of  at  least  a  meter  a  second.  Simultaneously 
there  is  registered  on  the  plate  a  record  of  the  time  in  thousandths  of  a 
second.  If  the  tension  is  suitable,  the  period  can  be  determined  with 
sufficient  accuracy  without  correction  for  damping,  which,  however,  is 
easily  made  if  desired.  An  independent  determination  of  the  magnifica- 
tion is  necessary  since  the  quantity  U  in  the  equation  is  the  actual 
unmagnified  motion  of  the  string.  Also  if  the  deflecting  current  is 
measured  in  amperes  a  factor  of  10~^  must  be  introduced,  since  /  of 
the  equation  is  in  cgs  units. 

The  possible  errors  of  the  several  measurements  give  for  the  possible 
error  of  the  calculated  value  oi  H  a,  magnitude  of  one  per  cent.  Con- 
sidering the  use  to  be  made  of  the  result  an  attempt  to  reduce  this  error 
would  probably  not  be  worth  the  labor  involved.  This  method  was 
devised^^  for  an  investigation  of  the  Columbia  University  copy  of  the 
Leyden  Model  and  was  subsequently  used  for  studying  a  number  of 
the  Type  A  instruments.  The  magnetization  curves  of  these  instru- 
ments were  obtained  by  the  method  of  observing  deflections  of  a  quartz 
string  carrying  constant  current  wliile  the  field  current  is  varied.  For 
one  of  these  observations  the  field  current  is  made  the  same  as  that  used 
when  the  effective  field  is  measured  by  the  heavy  wire  method  and 
thus  the  values  of  all  points  on  the  curve  are  determined.  The  best 
wire  available  at  the  time  was  some  copper  wire  .048  mm  in  diameter. 
The  fine  tungsten  wire  now  available  would  perhaps  have  been  better. 
When  this  method  of  measuring  the  effective  field  was  first  applied  it 
was  the  writer's  opinion  that  there  is  actually  a  significant,  if  not  a 

"  This  method  was  described  at  the  February  meeting  of  the  American  Physical  Society 
at  New  York  City  in  1916, 
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large,  difference  between  the  maximum  and  effective  values.  Tliis 
question  is  perhaps  of  no  great  moment  in  connection  with  any  par- 
ticular instrument,  but  is  of  considerable  consequence  in  the  matter 
of  design  of  new  types  and  will  be  taken  up  again  in  Section  I\'.  The 
amount  of  space  devoted  to  description  of  the  heavy  wire  method  of 
measuring  effective  field  strength  is  not  justilied  b>-  its  importance 
except  for  the  circumstance  that  measurements  made  in  this  manner 
have  been  used  as  an  experimental  control  to  test  the  validity  of 
theoretical  deductions. 

2.  The  Linear  Density  of  the  String.  The  linear  density,  w,  may  be 
determined  as  soon  as  the  held  strength,  II,  and  the  undamped  natural 
period,  ro,  corresponding  to  a  particular  value  of  the  sensitivity,  are 
known.  If  the  motion  took  place  in  a  vacuum  no  further  comment 
would  be  needed.  Actually  the  matter  is  not  simple.  In  1828  the 
astronomer  Bessel,  in  connection  with  a  report  of  a  new  determination 
of  the  length  of  the  seconds'  pendulum,  pointed  out  the  necessity  of 
correcting  for  the  inertia  of  air  moved  as  well  as  for  buoyancy.  His 
experimental  results  led  Stokes  (16),  (17)  to  an  extended  theoretical 
investigation  which  included  consideration  of  the  motion  of  a  cylinder 
in  a  viscous  fluid.  Stokes  arrives  at  the  conclusion  that  the  inertia  and 
also  the  coefficient  of  mechanical  resistance,  k,  will  be  enormously 
increased  by  the  moved  air  when  the  radius  of  the  moving  cylinder 
becomes  small.  The  theory  predicted  a  very  large  effect  for  cylinders 
of  small  radius,  but  Stokes  was  incHned  to  doubt  the  accuracy  of  the 
predictions  when  the  radius  becomes  very  small.  He  thought  the 
damping  would  be  even  greater  than  the  theory  would  predict  (17), 
p.  67.  It  appears  from  Stokes'  work  that  the  additional  inertia  will 
be  greater  the  slower  the  motion. 

In  working  out  a  method  for  correction  of  curves  when  the  gal- 
vanometer is  used  overdamped,  Einthoven  (18)  obtained  results  wliich 
led  him  to  conclude  that  when  the  string  moves  slowly  it  behaves  as  if 
its  mass  were  increased.  It  appeared  to  have  different  values  of  m 
during  various  stages  of  a  single  deflection.  He  also  found  this  effect 
greater  for  a  string  of  smafler  diameter.  The  effects  he  observed  were 
large,  amounting  in  some  instances  to  a  six-fold  increase  of  m.  At  the 
time  of  publication  of  these  results  (1906),  Einthoven  was  probably 
not  familiar  with  Stokes'  work,  as  he  does  not  mention  it  and  speaks 
of  the  result  as  quite  unforeseen.  The  interpretation  he  placed  on 
certain  of  his  observations  led  him  to  regard  k,  the  coefficient  of 
mechanical  resistance,  as  constant  over  a  wide  range  of  tensions,  and 
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in  making  the  measurements  from  which  the  change  of  mass  was  in- 
ferred he  determined  k  for  a  single  point  of  the  curve  where  it  could  be 
measured  with  greatest  precision  and  assumed  that  this  value  held  for 
all  other  points.  Now  Stokes'  theory,  as  already  mentioned,  points  to 
an  increase  of  k  and  m  both  as  the  motion  becomes  slower.  One  striking 
experiment  described  by  Einthoven  is  the  following i^^  Two  curves 
were  registered  showing  the  response  of  the  string  to  sudden  application 
of  steady  current.  In  the  second  record  the  tension  on  the  string  and 
the  speed  of  the  photographic  plate  were  both  increased  ten  fold.  The 
current  through  the  string  was  similarly  increased  so  that  the  de- 
flection in  both  records  was  the  same.  The  shapes  of  the  curves  were 
almost  identical.  But  this  experiment  really  proves  that  the  damping, 
k/2m,  is  constant,  and  in  connection  with  Einthoven's  other  observa- 
tions affords  experimental  grounds  for  belief  that  Stokes'  theory  is  at 
least  quaHtatively  applicable  to  cyhnders  of  very  small  radius.  Both 
these  curves  were  registered  at  sensitivities  greater  than  that  at  which 
variation  of  m  was  observed,  so  that  a  fortiori  there  must  have  been 
alteration  of  ni  between  these  two  records.  That  being  admitted,  we 
must  conclude  that  k  also  changed  and  the  remarkable  deduction  to 
be  made  from  these  observations  is  that  the  ratio  between  k  and  m  remains 
constant.  Stokes'  theory  points  to  the  conclusion  that  for  a  certain  range 
of  values  of  the  radius  of  the  cylinder  such  a  compensatory  variation 
of  these  two  quantities  might  be  expected.  Stokes'  paper  is  long  and 
the  mathematical  analysis  is  difficult.  It  would  require  a  very  extensive 
digression  to  consider  it  in  sufficient  detail  to  permit  introduction  of 
numerical  computations  based  on  it  for  comparison  with  the  observa- 
tions on  the  string  galvanometer.  The  writer  hopes  to  have  an  oppor- 
tunity to  accumulate  experimental  data  shortly  for  the  express  purpose 
of  comparison  with  Stokes'  theory  and  the  results  will  be  communicated 
later.  As  experiments  of  the  writer,  discussed  in  Appendix  C,  have 
shown  constancy  of  the  ratio  k/m  over  a  range  of  tensions  between  that 
corresponding  to  critical  damping  and  a  tension  somewhat  below  the 
maximum  safe  limit,  it  may  be  concluded  that  the  constancy  of  this 
ratio  holds  over  the  entire  range  of  sensiti\dty  to  which  the  differential 
equations  of  motion  apply  and  probably  beyond  that  range  since  in 
Einthoven's  experiment  the  lesser  tension  corresponded  to  a  sensitivity 
of  10~^  ampere/cm. 

The  true  value  of  m  can  be  obtained  from  the  data  of  a  steady  current 
deflection  at  a  tension  for  which  tq  has  been  determined.    Rearranging 

"  (1),  p.  1068  and  Figs.  1  and  3,  Plate  III,  and  (18),  pp.  503-04- 


Sept.,  1926]  String  Galvanometer 


345 


Eq.  (6),  Part  1,  m  =11170^^211.  It  will  be  shown  in  I  he  next  §  that  the 
value  of  To  can  be  uniquely  determined.  Further  discussion  will  be 
found  in  Appendix  V. 

3.  The  Free,  Undamped  Period.  The  most  direct  method  of  deter- 
mining this  constant  is  to  subject  the  string  to  tension  suflicient  to 
make  its  motion  distinctly  periodic  and  from  a  simultaneous  photo- 
graphic record  of  the  motion  and  of  a  series  of  uniform  time  intervals, 
determine  the  damped  period  and  the  decrement.  From  these  data  the 
undamped  period,  tq,  can  readily  be  obtained. '«  If  the  string  is  short 
or  sufficiently  massive  there  is  no  difficulty  in  making  the  detern  ination 
in  this  manner.  Strings  of  small  mass  and  of  the  length  usually  em- 
ployed in  the  larger  instruments,  say  13.5  cm  long  and  .001  mm  in 
diameter,  can  hardly  be  made  to  oscillate  in  air  enough  to  pernit  a 
determination  of  any  considerable  precision  without  subjecting  them 
to  a  tension  likely  to  be  injurious.  In  Part  1,  pp.  147-48,  a  method  is 
given  for  determination  of  tq  when  the  string  is  critically  damped. 
Another  method  applicable  to  the  critically  damped  string  is  to  impress 
sine  wave  alternating  current,  varying  the  frequency  while  the  ampli- 
tude is  kept  constant  by  use  of  an  auxiliary  measuring  de\'ice.  The 
natural  period  agrees  with  that  frequency  of  impressed  current  which 
gives  a  deflection  half  that  produced  by  the  steady  current  of  cor- 
responding value.  For  proof  see  the  curve,  p.  143,  Part  1.  If  the 
source  of  A.C.  contains  harmonics,  the  determination  is  less  sharp. 
A  still  rougher  approximation  may  be  obtained  with  great  ease  from 
any  record  of  response  to  sudden  appHcation  of  steady  current  if 
damping  is  critical.  If  /  in  Eq.  (15a),  p.  147,  Part  1,  is  put  equal  to  to, 
the  numerical  solution  shows  that  the  deflection  will  be  complete  to 
within  approximately  two  per  cent  of  the  final  value  in  a  time  after 
application  of  the  emf  equal  to  tq.  If  then  we  measure  on  a  record  the 
elapsed  time  from  the  beginning  of  the  motion  until  it  is  *)S  piT  cent 
completed,  this  will  give  a  rough  approximation  to  the  natural  jH-riod. 

In  Appendix  B  it  is  shown  that  ro  =  ta/  v^l  -f  X'^  /V-  where  X'  =  kru  /4m. 
Substituting  this  value  of  X'-,  we  have 


Tk 
To   = 


/ 


1    + 


16wV- 

from  which  it  is  seen  that  the  value  of  tq  is  unique,  since  it  depends  on 
the  measured  value  of  t,  and  the  ratio  k/m  which  has  been  shown  to 


**  See  Appendix  B. 
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be  constant,  tq  is  thus  a  true  constant.  This  justifies  the  statement 
at  the  end  of  the  preceding  article  that  the  value  of  m  determined  from 
a  steady  current  deflection  is  unique  and  is  the  true  value  independent 
of  the  effect  of  the  air  in  which  the  motion  occurs. 

4.  The  Damping  Coefficient,  k.  This  is  the  coefficient  of  mechanical 
resistance  in  dynes  per  cm/sec  which  acts  on  unit  length  of  the  string 
tending  to  annul  the  motion.  When  the  string  is  a  light  coated  quartz 
fiber,  the  air  damping  is  usually  so  great  in  comparison  with  electro- 
magnetic damping  that  no  very  great  error  will  result  from  treating 
the  problem  as  if  the  total  damping  followed  the  same  law  as  the  air 
damping.  This  was  assumed  for  simplicity  in  Part  1,  but  the  theory 
there  developed  cannot  be  applied  without  restriction  to  the  motion  of 
a  string  which  is  a  good  conductor  if  the  resistance  of  the  external 
circuit  is  small.    See  Section  VH. 

As  mentioned  in  this  Section,  §2,  ^  is  not  really  a  constant,  though 
in  a  restricted  sense  it  may  be  so  regarded.  It  may  be  determined  from 
the  ratios  of  the  successive  amplitudes  of  a  train  of  damped  oscilla- 
tions, the  equation  to  determine  k  for  the  oscillatory  condition  being, 
k=4:my/Tk,  for  the  development  of  which  see  Appendix  B.  If  the 
string  cannot  be  made  to  oscillate,  determine  tq  from  a  critically 
damped  deflection,  when  k  is  given  by  k=4:mir/To.  It  will  be  observed 
that  m  enters  both  equations.  The  real  significance  of  k  is  in  the 
damping  k/2m  and  experiment  has  shown  this  to  be  constant.  If  we 
introduce  in  either  of  these  equations  the  true  value  of  m  we  get  a 
value  of  k  corresponding  to  a  state  of  motion  such  that  not  enough 
air  is  dragged  with  the  string  to  affect  the  value  of  m  sensibly.  On 
account  of  the  peculiar  compensatory  relation  between  k  and  m,  we 
may  use  the  true  values  in  computation  and  predict  the  beha\dor  of 
the  galvanometer  correctly  at  any  tension  because  the  changes  are 
always  of  such  a  nature  as  to  preserve  the  constancy  of  the  ratio.  The 
dimensions  of  k  are  [MT-^j.  The  damping  is  of  dimensions  [T-^J,  that 
is,  the  damping  is  a  time.  It  is  the  reciprocal  of  the  time  in  which 
oscillations  die  away  to  1/e  of  their  initial  value,  or  in  which  a  critically 
damped  deflection  dies  away  to  2/e  of  its  initial  value. 

Section  4.  Effect  of  Perfor.4tion  of  Polepieces  on  the 

Sensitivity  of  the  String  Galvanometer 

1 .  Theoretical  Considerations.     It  has  been  a  generally  accepted  \-iew 

that  weakening  the  field  at  the  middle  region  must  result  in  a  significant 

diminution  of  the  sensitivity  of  the  galvanometer.   This  view  seems  as 

a  result  of  our  common  notions  to  meet  with  instinctive  approval.  The 
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writer  never  questioned  it  until  in  looking  over  some  of  the  work  in 
Part  1  several  months  after  its  publication,  attention  v.-as  arrested  by 
Eq.  (23),  p.  156.  If  V  is  the  steady  current  deflection  produced  by  the 
current,  /,  in  a  string  immersed  in  a  perfectly  uniform  field,  then  if 
everything  remains  the  same  except  that  the  string  is  clamped  fast  at 
the  points  5// 12  and  7//12,  this  equation  states  that  the  new  deflection 
due  to  the  current  /,  is  t' 2  =  I /Z6.  The  deduction  of  Eq.  (23)  in  Part  1 
leaves  something  to  be  desired  in  the  way  of  logical  rigor,  but  it  can 
easily  be  improved.  From  Eq.  (6)  we  readily  obtain  U  =  IIlTo-/Mm. 
The  only  factor  in  this  expression  which  will  be  altered  by  change  in 
the  length  of  the  string  is  tq.  The  period  of  a  Aabrating  stretched  string 
is  To  =  2/v  w/r,  from  which  it  is  evident  that  tq  varies  directly  as  /. 
If  the  length  be  shortened  to  one  sixth,  the  natural  period  becomes 
ro/6  and  the  square  of  the  natural  period  becomes  toV36,  whence  it 
follows  directly  that  V^=  f  736.  Now  if  the  held  in  the  middle  sixth 
be  conceived  to  vanish  entirely,  the  whole  string  being  now  free  to 
move,  it  will  be  acted  on  by  electromagnetic  forces  at  all  points  except 
those  lying  between  5//12  and  7//12.  The  tension  is  uniform  through- 
out and  is  taken  as  being  so  great  that  the  increase  of  tension  with 
deflection  is  negligible.  The  conditions  at  the  points  5// 12  and  7// 12 
are  then  entirely  unafi"ected  by  the  absence  of  electromagnetic  forces 
over  the  middle  sixth  and  in  consequence  the  region  from  zero  to  5// 12 
and  that  from  7//12  to  /  will  be  deflected  to  exactly  the  same  places 
that  they  would  be  if  the  field  were  uniform  throughout.  The  middle 
sixth  then  contributes  only  1/36  of  the  entire  deflection  of  the  middle 
point  and  if  the  field  vanished  altogether  in  the  middle  sixth  the 
deflection  of  the  middle  point  would  still  be  35/36f'',  or  .912U.  In  other 
words  the  steady  current  deflection  will  have  been  reduced  only  2.8 
per  cent  by  the  vanishing  of  the  middle  sixth  of  the  field.  Now  in  an 
actual  galvanometer  the  field  strength  in  the  region  of  the  perforation 
is  by  no  means  zero,  but  may  be  as  great  as  half  the  maximum. 

If  this  deduction  rests  on  a  secure  physical  foundation  it  is  evident 
that  the  height  of  the  pole  tips  may  be  reduced  much  below  the  di- 
mensions of  Type  B  without  material  efi'ect  on  the  sensitivity.  If,  for 
example,  the  ratio  of  total  height  to  diameter  of  perforation  be  made 
3:1,  the  sensitivity  will  be  reduced  about  11  per  cent,  assuming  zero 
field  strength  over  the  middle  third.  This  points  to  the  possibility  of  a 
material  reducrion  in  the  size  and  weight  of  the  galvanometer  without 
much  sacrifice  of  sensitivity. 
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2.  Consideration  of  Experimental  Data.  As  soon  as  this  implication  of 
theory  was  reaUzed,  all  available  experimental  data  which  might  serve 
as  a  check  on  it  were  carefully  studied.  The  effective  field  of  the 
Columbia  University  copy  of  the  Leyden  Model  was  carefully  deter- 
mined some  ten  years  ago  by  the  heavy  wire  method  described  in 
Section  2,  §1.  For  comparison  there  was  also  available  a  series  of 
determinations  of  the  maximum  field  strength  of  this  instrument 
measured  with  a  ballistic  galvanometer  and  exploring  coil.  The  ac- 
companying table  gives  a  series  of  values  by  each  method. 

Table  1.  Comparison  of  maximum  and  effective  field  strength, 
Columbia  University  copy  of  Leyden  Galvanometer 


Exciting  current 

Maximum  Field,. 
Ballistic  Galv. 

Effective  Field, 
Heavy  Wire 

2  Amperes 

3 

4 

6 

17, 100  gauss 
19,700      " 
20,800      " 
22.000      " 

16, 800  gauss 
19,400      « 
20,700      " 
21,900      " 

Bearing  in  mind  that  the  field  is  of  considerable  strength  in  the 
region  of  the  perforation,  w  hose  length  in  this  galvanometer  is  about 
one  tenth  of  the  height  of  the  polepieces  and  that  the  possible  error 
of  determination  of  the  eft'ective  field  by  the  heavy  wire  method  is 
one  per  cent  while  that  of  the  ballistic  galvanometer  method  as  used 
in  this  work  w^as  nearly  two  per  cent,  the  correspondence  between  the 
two  sets  of  observations  is  such  as  to  suggest  that  the  theoretical  con- 
clusion is  not  far  from  the  truth.  One  experimental  observation  seems 
to  be  in  distinct  contradiction.  Einthoven  (18),  pp.  506-07,  has  cal- 
culated the  strength  of  the  effective  field  of  his  instrument  from  the 
difference  between  the  motions  of  the  middle  point  of  a  silvered  quartz 
string  on  open  and  on  closed  circuit.  He  obtained  the  result  that  for  a 
maximum  field  strength  of  22,500  gauss,  the  corresponding  effective 
field  strength  was  17,600  gauss.  In  working  up  the  results  of  this  set 
of  observations  it  was  assumed  that  the  shape  of  the  string  when 
deflected  by  steady  current  is  half  of  a  sine  curve. ^^  It  is  also  assumed 
that  the  difference  in  rate  of  decay  of  the  motion  of  the  middle  point 
of  the  string  on  open  and  on  closed  circuits  is  proportional  to  the  average 
velocity  of  all  points  of  the  string,  or  what  amounts  to  the  same  thing, 

"  (18),  p.  504,  Einthoven  says,  "When  the  middle  of  the  string  moves  with  a  velocity,  t'l, 
one  may  put  for  the  average  velocity  of  all  parts  of  the  string  2/7ri'i  =  .637vi.  Now  2/x  is  the 
average  value  of  a  sine  curve  between  the  limits  zero  and  w,  so  that  it  is  evident  a  sine  form  is 
assumed. 
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that  the  electromagnetic  damping  at  every  point  is  proportional  to 
the  velocity  as  is  the  air  damping.  At  the  time  this  work  was  published 
Einthoven  regarded  his  results  in  the  light  of  a  theory  which  assumes 
the  motion  of  the  string  similar  to  that  of  a  system  with  one  degree  of 
freedom.  This  is  evident  from  his  use  of  an  ordinary  differential  equa- 
tion to  define  the  motion. ^o  The  assumption  of  a  sine  shape  for  the 
string  follows  naturally  from  this  theory.  Although  the  results  of  this 
simpler  theory  often  lead  to  conclusions  very  little  different  from  those 
reached  by  a  more  general  analysis,  it  is  not  altogether  safe  to  follow 
it  when  the  quantities  in  question  are  small.  ISIoreover,  the  equations 
which  apply  to  the  electromagnetic  damping  were  not  de\eloped  until 
eight  years  later. ^^  The  equations  upon  which  Einthoven's  calculation 
was  based22  were  developed  in  connection  with  the  theory  of  torsional 
instruments.  These  (unless  the  suspension  is  bililar)  are  systems  with 
one  degree  of  freedom  and  the  electromagnetic  damping  is  strictly 
proportional  to  the  angular  velocity  of  the  system.  The  theory  of  these 
instruments  is  so  well  known  that  it  has  been  quite  common  to  apply 
to  the  string  galvanometer  ideas  which  have  become  familiar  in  con- 
nection with  torsional  instruments.  Crehore  was  similarly  misled" 
in  the  treatment  of  electromagnetic  damping.  In  the  string  galva- 
nometer the  velocity  varies  from  point  to  point  along  the  string,  being 
greatest  in  the  middle,  while  the  current  generated  by  its  viothti  is  the 
same  at  every  point  of  the  string.  The  electromagnetic  damping  is  there- 
fore identically  the  same  at  every  point  of  the  string.  When  the  electro- 
magnetic damping  is  appreciable  the  motion  of  even  the  fundamental 
mode  becomes  complicated,  requiring  for  its  expression  a  correspond- 
ingly less  simple  mathematical  function  (21,  pp.  785-86).  The  electro- 
magnetic damping  of  the  partial  of  order  s  is  J/s  of  the  magnitude  of 
the  electromagnetic  damping  of  the  corresponding  amplitude  of  the 
fundamental  (see  Section  7).  It.  might  be  possible  by  numerical 
substitution  in  Ornstein's  equations  to  evaluate  the  true  effective  held 
from  observations  of  the  motion  of  the  middle  of  the  string,  but  without 
doing  so  it  is  evident  that  calculation  of  the  results  on  the  assumptions 
used  by  Dr.  Einthoven  must  have  led  to  a  value  for  the  elTective  held 
less  than  its  actual  value  so  that  the  result  of  this  experiment  cannot 
be  regarded  as  necessarily  in  serious  conflict  with  the  theory  of  §1 . 

20  (18)  p.  494. 

21  (19),  see  reference  to  the  work  of  L.  S.  Ornstcin  in  Section  7. 

22  Taken  from  Kohlrausch,  Lehrbuch  dcr  Prakiischcn  Physik,  18,  p.  48f)aml  4«)4. 

23  20,  p.  213.  See  also  Section  7. 
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3,  New  Design,  Type  C.  Having  become  convinced  of  the  probable 
soundness  of  the  conclusions  in  §1,  the  writer  was  encouraged  to  design 
a  new  Einthoven  galvanometer  of  very  much  smaller  size  than  any 
hitherto  described.  By  reduction  in  height  of  the  pole  tips  it  became 
possible  to  concentrate  the  windings  without  making  the  resistance  of 
the  field  coils  excessive.  In  this  way  the  leakage  is  somewhat  diminished 
and  the  bulk  of  it  confined  to  the  immediate  neighborhood  of  the 
instrument,  an  obvious  advantage.  An  experimental  model  of  this 
galvanometer  has  been  completed  and  its  performance  has  been  found 
to  be  in  agreement  wdth  theoretical  predetermination.  Its  weight  is  5.8 
kilos  which  may  be  compared  with  18.15  kilos  for  Type  B  and  100  kilos 
for  Type  A.  A  further  note  describing  this  instrument  will  follow  in 
the  immediate  future.^* 

Section  5.  Limit  of  Sensitivity  at  which  the  Differential 
Equations  of  Motion  Cease  to  Apply 

It  was  pointed  out  in  Part  1,  p.  150,  that  the  equations  there  de- 
veloped will  not  apply  after  the  tension  becomes  non-uniform.  It  is  of 
interest  to  know  at  what  order  of  sensitivity  this  limitation  begins. 
To  this  an  entirely  unequivocal  answer  cannot  be  given  without  full 
development  of  a  theory  applying  to  the  string  when  the  tension  is  not 
uniform.  For  the  present  we  may  gain  some  practical  insight  into  the 
matter  by  subjecting  available  experimental  data  to  numerical  com- 
putation. In  the  first  place  it  is  evident  that  if  the  string  be  slackened 
so  far  that  it  is  not  stretched  beyond  its  "natural"  length,  the  tension 
will  be  due  to  gravity  only  and  at  the  upper  end  will  be  equal  to  tngl 
dynes.  If  the  origin  of  Y  be  taken  at  the  upper  end  of  the  (vertical) 
string,  the  tension  at  any  point,  P,  whose  ordinate  is  y,  is  given  by 
T  =  mg{l—  l^l).^^  However  much  tension  is  put  on  the  string,  this  non- 
uniform tension  due  to  gravity  is  always  present  so  that  uniformity 
can  be  approximated  only  by  making  the  impressed  tension  so  large  in 
comparison  with  the  gravity  effect  that  the  latter  becomes  negligible 
in  comparison.  The  numerical  data  which  we  are  about  to  consider 
have  been  obtained  from  a  galvanometer  of  Type  B  with  a  string 
6.7  cm  long.  The  linear  density,  m,  for  this  string  has  been  determined 
to  be  2.42  X 10"^  gram/cm.  (Appendix  D.)  In  a  particular  experiment 
(Appendix  C),    the  value  of  tq  w^as  found  to  be  9  X 10"^  second.    From 

"  This  instrument  was  described  and  shown  at  the  137th  meeting  of  the  American  Physical 
Society  at  Montreal,  February  26,  1926. 

"  See  E.  J.  Routh,  Advanced  Rigid  Dynamics,  5th  Ed.,  p.  379. 
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Part  1,  Eq.  (5),  we  have  T^Mhn/T^^.  From  this  and  the  numerical 
values  given,  we  readily  calculate  T  =  53.7  dynes  as  the  tension  at  which 
this  determination  of  ro  was  made.  This  tension  was  sutlicient  to  make 
the  motion  distinctly  periodic,  several  highly  damped  oscillations  taking 
place.  The  value  of  mgl,  the  limiting  tension,  we  also  readily  find  to 
be  1.59  X  10~^  dynes,  from  which  we  see  that  the  tension  in  the  periodic 
condition  was  some  34,000  times  as  great  as  the  tension  at  the  upper 
end  when  the  string  is  fully  slackened.  It  may  be  mentioned  that  the 
tension  53.7  dynes  is  about  one  tenth  what  was  found  to  be  a  destructive 
tension  for  this  string.  This  string  was  originally  7  cm  long.  In  an 
attempt  to  make  its  motion  as  highly  periodic  as  possible  a  tension  of 
some  500  dynes  was  put  on  it,  but  before  all  the  desired  records  were 
obtained  it  became  nonconducting.  It  was  resoldered  and  its  length 
reduced  3  mm  in  so  doing.  It  may  be  noted  that  500  dynes  would  be 
a  perfectly  safe  tension  for  this  string  so  far  as  the  tensile  strength  of 
the  quartz  is  concerned,  but  the  limit  is  determined  by  the  tenacity 
with  which  the  gold  coating  adheres  to  the  quartz. 

At  critical  damping  the  undamped  period  of  this  string  was  found 
to  be  2.4xl0~^  second  (Appendix  C).  A  calculation  similar  to  the 
preceding  gives  for  the  tension  when  just  aperiodic,  7.54  dynes.  This 
is  4,700  times  as  great  as  mgl.  The  latter  may  surely  be  assumed 
negligible  in  comparison.  Presumably  a  variation  of  one  per  cent  in 
the  tension  would  not  vitiate  the  equations  and  we  may  inquire  at  what 
sensiti\ity  this  string  would  be  under  a  tension  equal  to  100  mgl. 
We  have  (Part  1,  p.  137)  tq  =  iWm/T.  Put  in  this  equation  T  =  lOOmg/, 
using  the  values  of  m  and  /  given  above  and  taking  g,  the  acceleration 
of  gra\'ity,  as  980.  We  get  for  to  the  value  1.654x10-=  .^^econd.  Now 
it  is  evident  that  if  we  alter  the  tension  on  a  string  and  also  alter  the 
current  so  that,  the  field  remaining  constant,  the  deflection  is  kept 
constant,  then  the  product  of  the  current  by  the  square  of  the  natural 
period  will  remain  constant  (Appendix  C).  If  we  know  this  product 
for  a  given  field  and  string  at  any  tension,  we  may  infer  either  term  at 
any  other  tension  pro\aded  we  know  the  other  at  the  new  tension. 
In  the  experiment  for  which  the  value  of  the  tension  was  calculated  to 
be  53.7  dynes,  ro==/  =  8.6x10-^3  jf  ^e  square  the  value  of  ro  obtained 
above  for  r  =  100  mgl,  and  divide  the  number  8.6x10""  by  the  result, 
we  shall  obtain  the  value  in  cgs  units,  of  the  current  which  will  deflect 
the  string  under  tension  100  mgl  the  same  amount  that  the  current  / 
deflected  it  when  under  tension  53.7  dynes.  The  square  of  1.654  X  lO"' 
is  2.736X10-"  and  (8.6xl0-i3)/(2/736Xl0-^)=3.l4Xl0-'  cgs  units 
of  current,  or  1.04x10-8  ampere/cm.  On  the  assumption  that  one  per 
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cent  variation  in  the  tension  is  negligible,  the  equations  still  hold  at  this 
tension  and  the  string  is  not  yet  like  a  vertical  chain.  Now  it  is  of 
considerable  interest  to  note  that  at  just  about  this  sensitivity  a  critical 
change  in  the  beha\'ior  of  the  galvanometer  is  observed.  At  tensions 
slightly  greater  than  100  mgl  the  range  of  the  linear  deflection  law  is 
found  to  be  smaller  than  it  is  at  still  greater  tensions.  This  is  no  doubt 
due  to  the  fact  that  the  tension  has  now  become  so  small  that  the 
increase  with  deflection  is  no  longer  negligibly  small  in  comparison. 
A  slight  movement  of  the  tension  screw  now  afifects  the  sensitivity 
markedly.  As  the  sensiti\dty  approaches  that  for  which  we  have 
calculated  the  tension  as  of  the  order  of  100  mgl,  there  is  usually  a 
slight  shift  of  zero  and  focal  plane,  the  sensitivity  changes  less  rapidly 
for  a  given  movement  of  the  tension  screw  and  the  deflections  again 
become  proportional  to  the  strength  of  current.  The  most  reasonable 
explanation  of  these  observations  seems  to  be  that  the  tension  is  now 
of  the  same  order  of  magnitude  as  the  internal  stresses  in  the  quartz 
core  (metallic  wires  show  the  same  phenomena,  probably  for  the  same 
reason),  which  is  no  longer  constrained  to  remain  in  a  straight  line  and 
assumes  slight  curvatures  according  to  the  magnitude  and  distribution 
of  the  stresses.  Aside  from  stresses  in  the  string  itself,  there  may  be 
introduced  lateral  and  torsional  stresses  in  the  soldering  of  the  ends  of 
the  string  to  the  metal  tips.  This  has  been  noticed  by  Einthoven  (7). 
In  making  the  strings  one  often  discards  quartz  fibers  which  are  dis- 
tinctly curly  and  presumably  even  the  best  of  those  retained  have 
something  of  this  tendency.  A  string  slackened  until  these  stresses 
have  been  relieved  is  still  under  approximately  uniform  tension  in 
something  like  the  manner  of  a  spiral  spring  of  very  coarse  pitch.  The 
change  in  length  due  to  deflection  may  now  occur  by  slight  straightening 
of  the  stress  curls  without  materially  affecting  the  general  uniformity 
of  tension,  hence  the  restoration  of  the  linear  law  of  deflection. 

Since  the  equations  show  that  the  sensiti\'ity  varies  inversely  as  the 
tension,  we  may  infer  that  at  a  tension  of  1000  mgl  this  string  would 
have  a  sensitivity  of  about  10"^  ampere/ cm.  This  may  be  of  some 
interest  as  being  about  the  sensitivity  which  is  standard  for  the  taking 
of  electrocardiograms.  With  the  particular  galvanometer  and  string  to 
which  these  figures  refer,  a  sensiti\dty  of  5  X  lO"^"  ampere/cm  was  easily 
reached.  A  tension  of  lOmgl,  which  would  mean  non-uniformity  of 
tension  to  the  extent  of  ten  per  cent,  would  correspond,  if  the  usual 
equations  still  applied,  to  a  sensitiN-ity  of  10~^  ampere/cm.  From  this 
it  seems  sufficiently  evident  that  at  the  actual  experimental  limit  of 
sensitivity  the  tension  is  distinctly  non-uniform  and  that  the  behavior 
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of  the  galvanometer  cannot  be  calculated  with  any  certainty  in  the 
neighborhood  of  this  limit  by  use  of  the  theory  for  uniform  tension. 

In  concluding  this  Section  it  may  be  mentioned  that  VVertheim- 
Salomonson  has  pubHshed  a  paper  (21)  in  which  he  fmds  a  mathe- 
matical expression  for  the  sensitivity  of  the  string  galvanometer  when 
the  tension  is  relaxed  as  completely  as  possible.  He  treats  the  string 
in  this  condition  by  means  of  equations  given  by  Lord  Rayleigh  for  an 
elastic  bar  clamped  at  one  end.  It  is  open  to  question,  however,  whether 
it  is  admissable  to  regard  the  string  in  this  way  since  it  is  fastened  at 
the  bottom  and  one  cannot  neglect  rigidity  at  the  bottom  if  the  string  is 
treated  as  a  bar.  He  further  assumes  that  since  the  sensitivity  under 
uniform  tension  is  proportional  to  the  square  of  the  natural  period  it  is 
so  also  when  it  behaves  as  an  elastic  bar.  This  would  seem  to  require 
proof.  It  is  to  be  remarked,  however,  that  the  numerical  results  to. 
which  this  theory  leads  agree  fairly  well  in  order  of  magnitude  with  the 
maximum  sensitivities  actually  obtained  with  the  best  instruments 
hitherto  constructed. 

It  seems  to  the  writer  that  it  would  be,  perhaps,  more  nearly  in 
correspondence  with  actual  conditions  to  treat  the  relaxed  string  by 
the  equations  for  a  rope  or  chain  hanging  under  gravity. 

Section  6.  The  Performance  of  the  String  Galvanometer 
Much  regarding  performance  may  be  inferred  from  the  theory,  but 
a  prospective  user  of  the  Einthoven  galvanometer  will  often  wish 
specific  information  regarding  results  which  have  actually  been  ob- 
tained with  available  types  of  the  instrument.  In  the  i)apcrs  cited 
Einthoven  has  given  such  data  for  the  Leyden  Model,  and  Type  A 
described  in  this  paper  corresponds  very  closely  in  its  properties  and 
performance  with  his  original  instrument.  The  properties  of  any  j^ar- 
ticular  instrument  will  vary  with  the  constants  of  the  siring  which 
happens  to  be  in  use  so  that  the  values  given  should  be  regarded  as 
representative  only. 

The  length  of  the  string  in  Type  A  is  usually  13.5  cm  and  the  re- 
sistance of  these  strings  may  be  less  than  KHH)  ohms  and  as  great  as 
30,000  ohms.  Usual  resistances  of  strings  for  phy.siological  and  clinical 
use  range  from  3000  to  10,000  ohms.  In  the  Columbia  galvanometer 
a  string  13.5  cm  long  and  .0018  mm  in  diameter  was  found  to  he 
critically  damped  on  short  circuit  when  the  current  sensitivity  was 
2x10-7  ampere/cm  with  a  magnification  of  920  diameters.  The 
resistance  of  this  string  was  8000  ohms.  The  value  of  to  for  this  string 
at  critical  damping  was  .004  second.   Substituting  in  Eq.  (15a),  Part  1, 
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To  for  /,  we  readily  find  that  a  steady  current  deflection  will  be  nearly 
99  per  cent  complete  in  a  time  equal  to  the  natural  period  if  the  damping 
is  just  critical.  If  the  instrument  is  to  be  used  for  measurement  of 
periodic  currents  the  natural  period  and  steady  current  sensiti\'ity  in 
connection  with  the  curve  on  p.  143,  Part  1,  will  give  a  good  index 
of  the  performance  which  may  be  expected.  It  is  to  be  remembered  in 
this  connection  that  the  response  to  a  complex  periodic  current  may 
differ  slightly  from  what  might  be  inferred  from  this  curve  since  the 
curve  represents  the  response  of  the  fundamental  mode  only  and  the 
partial  modes  are  somewhat  underdamped.  For  critical  work  it  would 
probably  be  well  to  prepare  an  experimental  calibration  curve  by  test 
with  known  alternating  current.  For  most  work  it  is  best  to  use  the 
instrument  with  the  fundamental  mode  just  critically  damped.  Strings 
whose  mass  differs  from  the  one  above  referred  to  will  give  somewhat 
different  results.  For  most  work  it  is  well  to  have  them  of  very  small 
diameter.  The  above  data  are  for  field  strength  of  20,000  gauss.  With 
strings  13.5  cm  long  the  period  cannot  be  maintained  at  .001  second 
without  danger  of  injury  unless  the  diameter  is  very  small.  On  the 
other  hand  it  is  advantageous  to  have  the  properties  of  the  string  such 
that  critical  damping  will  occur  at  about  the  tension  which  gives 
suitable  sensitivity  for  the  work  in  hand  and  this  may  sometimes 
require  a  heavier  string.  At  a  sensitivity  of  10~*  ampere/cm  the  motion 
will  be  overdamped  for  almost  any  light  quartz  string  in  any  good 
string  galvanometer.  As  sensitivity  is  still  further  increased  by  slacken- 
ing the  string,  the  overdamping  increases  and  the  motion  ultimately 
becomes  very  slow  at  the  maximum  sensiti\ity  so  that  ten  or  fifteen 
seconds  may  be  required  to  attain  99  per  cent  of  the  steady  current 
deflection  with  the  string  as  slack  as  possible.  Theoretically  the  instru- 
ment could  be  much  improved  by  ha\dng  the  string  in  an  evacuated 
space  at  these  high  sensitivities.  The  experimental  difl5culties  are  con- 
siderable and  I  am  not  aware  that  anyone  except  Dr.  Einthoven  has 
had  any  extensive  experience  in  the  use  of  the  galvanometer  under 
this  condition.  As  his  work  is  not  yet  published  I  do  not  feel  at  liberty 
to  discuss  it.  It  may  not  be  improper,  however,  to  mention  the  fact 
that  difficulties  have  been  encountered  in  attempting  to  carry  out  this 
apparently  simple  procedure. 

With  the  Leyden  Model  Einthoven  obtained  sensitivities  of  the  order 
of  5xlO~^^  ampere/cm.  At  this  sensitivity  the  stability  of  zero  is 
remarkable.  When  using  the  galvanometer  at  such  high  sensiti\'ities 
it  is  advisable  to  protect  all  parts  of  the  circuit  by  electrostatic  screening 
and  it  is  often  advisable  to  earth  one  end  of  the  string.    Mr.  Louis  G. 
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Pooler,  of  the  Department  of  Physics,  Columbia  University,  having 
occasion  to  work  with  a  Type  B  galvanometer  under  circumstances 
which  made  earthing  undesirable,  found  that  he  could  prevent  the 
building  up  of  any  considerable  charge  on  the  string  by  putting  into 
the  lower  string  cap  a  small  tube  containing  the  active  deposit  left  by 
radium  emanation.  These  tubes  are  easily  obtained  from  any  clinic 
where  radium  emanation  is  in  use.  Earthing  is  usually  preferable, 
however.  In  case  a  string  becomes  charged  it  usually  is  attracted  to 
and  adheres  to  one  of  the  microscope  objectives  unless  it  is  under  great 
tension.  The  procedure  when  this  occurs  is  to  increase  the  tension,  then 
cautiously  back  away  the  lenses,  watching  the  middle  of  the  string 
through  an  opening  usually  provided  for  the  purpose.  Sometimes  it  is 
necessary  to  remove  the  string  and  replace  it.  This  may  injure  the 
coating,  but  usually  it  does  not.  It  is  better  to  arrange  the  circuits  so' 
as  to  avoid  these  accidents.  They  are  more  likely  to  accur  in  winter 
when  buildings  are  heated  and  dry.  A  metallic  matting  which  may  be 
earthed  and  on  which  the  operator  stands  is  often  helpful.  If  a  spark 
passes  from  the  string  to  the  microscope  mounting  the  coating  is  usually 
ruined.  Wiping  the  lenses  is  seldom  necessary.  If  it  has  to  be  done 
the  galvanometer  should  not  be  used  with  slack  string  for  several  hours. 
It  might  be  supposed  that  deposition  of  a  him  of  moisture  on  tlic  lens 
by  breathing  on  it  would  discharge  it,  but  the  writer  has  seen  dis- 
turbance from  this  cause  persist  for  several  hours.  The  effect  may  be 
related  to  the  phenomenon  of  residual  charge  well  known  in  condensers. 
It  must  be  remembered  that  the  force  required  to  deflect  a  slackened 
quartz  fiber  is  extremely  small.  When  greatly  slackened  the  string  is 
easily  disturbed  by  air  currents  and  before  attempting  measurements 
with  it  in  this  condition  it  is  well  to  test  the  means  provided  for  jiro- 
tection  and  supplement  them  if  necessary. 

Type  B  was  not  originally  intended  to  be  used  with  slack  string,  but 
no  particular  difficulty  was  experienced  in  reaching  with  one  of  these 
instruments  a  sensitivity  in  the  neighborhood  of  lO"'"  ami)ere/an,  the 
magnification  being  1000  diameters  in  this  experiment. 

At  critical  damping  its  period  will  be  about  half  that  of  Type  A 
with  a  similar  string,  but  at  equal  sensitivities  the  periods  arc  of  the 
same  general  order  of  magnitude.  On  account  of  the  shorter  string  it 
can  be  operated  at  xo  =  .001  second  with  the  average  commercial  string. 
With  a  magnification  of  1000  diameters  Type  B  instrumcnLs  have  a 
linear  deflecton  law  for  about  8  cm  either  side  of  zero.  One  such 
instrument  in  the  writer's  laboratory  gives  proportional  deflections 
for  10  cm  either  side  of  zero  when  the  string  is  slack.   The  large  Edel- 
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mann  instruments  with  strings  supplied  by  the  maker  usually  give 
proportionality  for  three  cm  either  side  of  zero  at  1000  diameters 
magnification.  With  a  very  good  quartz  fiber  the  writer  has  secured 
proportionality  with  this  instrument  for  4  cm,  the  sensitivity  being 
10~'  ampere/cm.     Most  commercial  instruments  have  been  handi- 


FiG.  7.  a.  Damping  barely  less  than  critical.    6.3X10  '  ampere.  The  time  co-ordinates  are 
.00  J  second  for  one  small  division.  tq  =  .0035  approximately. 

capped  by  a  very  limited  proportionality  range.  When  the  polepieces 
are  notjcarefully  made  and  the  field  is  not  uniform  the  deflections  may 
become  greater  with  increasing  equal  increments  of  current  on  one  side 
of  zero  and  rapidly  less  on  the  other  side.  This  the  writer  has' seen  in 
an  instrument  whose  polefaces  were  measurably  inclined  laterally.   The 


Fig.  7.  b.  Damping  lery  much  greater  than  critical.  10~^  ampere  per  cm.  Time  co-ordinates 
.04  second  for  one  small  division.  The  magnification  is  920  diameters  in  both.  They  were  not  made 
with  the  same  string. 

weaker  the  field  and  the  lower  the  magnification  the  smaller  the  linear 
range  will  be.  For  a  given  volt  sensitivity  it  will  be  less  the  higher  the 
resistance  of  the  string,  unless  it  be  used  quite  slack,  and  less  for  a  very 
heavy  string  than  for  a  light  one.  Below  are  reproduced  some  photo- 
graphic records  which  with  their  legends  will  serve  to  give  further 
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information  as  to  the  average  performance  of  these  instruments.  It  will 
be  realized  that  they  are  at  their  best  in  making  measurements  at 
moderate  frequencies  where  considerable  sensitivity  is  required.  The 
writer  constructed  an  instrument  with  string  one  cm  long  with  whicii 
a  natural  period  of  .0001  second  was  easily  attained,  the  sensitivity 
at  that  period  being  10"^  ampere/cm,  but  air  dami)ing  was  not  nearly 
sufficient  to  suppress  the  oscillations  and  the  original  plan  t.,  u , ,rl  u  nh 


Fig.  7-c.    Showing  the  speed  of  deflection  increased  with  moderate  under-damping.    Time,  .Wt 

second  per  small  division. 


Fig.  7-d.  Damping  cnlual.  iynoics  proponiinuiitty  oj  arjitmoiis  jor  jour  iij^nu  ,ri,,,tt„.„- 
of  current  and  constancy  of  zero.  Time,  .04  second  for  one  small  division.  The  sensitivity  n 
approximately  10~''  ampere/ cm. 

low  resistance  strings  so  as  to  secure  high  electromagnetic  damping 
was  abandoned  for  reasons  which  will  be  discussed  in  the  next  section. 
By  the  use  of  liquid  damping  this  instrument  might  be  made  serviceable, 
but  on  account  of  the  addition  of  mass  through  dragging  of  the  licjuid, 
the  sensitivity  would  be  considerably  reduced.  There  arc  several  liquids 
of  suitable  viscosity  whose  refractive  indices  are  such  as  would  make 
possible  the  use  of  immersion  lenses  with  corresponding  increase  of 
aperture.  Thus  by  use  of  strings  of  small  diameter  and  working  at 
high  magnification  the  loss  of  sensitivity  might  be  partially  made  good. 
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W.  F.  Einthoven  has  described  (14)  a  string  galvanometer  using 
strings  a  fraction  of  a  millimeter  long.  The  air  damping  is  reduced  to  a 
minimum  by  putting  the  string  in  vacuum  and  the  instrument  is  used 
tuned  to  resonance  with  the  frequency  of  the  current.  It  was  used  as  a 
receptor  of  radio  telegraphic  signals  and  at  the  rapid  rate  of  oscillation 
its  movements  would  not  be  resolved  on  a  rather  slowly  moving  photo- 
graphic paper  so  that  the  record  appeared  to  consist  of  "disappear- 
ances" of  the  string,  giving  the  effects  of  dots  and  dashes.  It  has  been 
possible  to  attain  natural  frequencies  as  high  as  300,000  cycles  per 
second  with  this  instrument. 

Section  7.  The  Effect  of  the  Circuit 

In  Part  1  the  equations  of  motion  were  developed  on  the  tacit 
assumption  that  the  effect  of  the  external  circuit  is  negligible.  Though 
this  is  never  entirely  true,  it  is  so  nearly  true  in  the  circumstances  in 
which  the  galvanometer  is  usually  employed  that  it  was  thought 
advisable  to  develop  the  theory  in  the  form  which  seemed  best  adapted 
to  direct  attention  to  the  more  important  features  without  undue 
complication.  In  the  usual  applications  the  resistance  of  the  string  is 
large  and  the  external  resistance  is  often  large  also.  Under  these 
circumstances  the  damping  will  be  almost  entirely  due  to  the  air.  The 
inductance  of  the  circuit  is  always  small  in  the  physiological  applica- 
tions and  with  a  circuit  of  high  resistance  inductance  would  have  to  be 
large  if  its  effect  on  the  time  of  deflection  is  to  become  comparable  with 
the  mechanical  lag  of  the  string.  If  the  string  galvanometer  comes  in 
time  to  be  applied  to  the  measurements  of  physics  and  engineering,  cir- 
cumstances will  likely  arise  in  which  the  effect  of  the  circuit  can  no 
longer  be  neglected.  Since  the  war  some  of  the  sound  ranging  galvanom- 
eters mentioned  in  Section  3,  §4,  have  been  applied  to  some  extent  to 
current  measuring  problems.  Trowbridge  (22)  has  suggested  that 
similar  instruments  may  be  used  conveniently  instead  of  the  more  usual 
oscillographs.  It  would  seem  fairly  obvious  to  try  to  extend  the  range  of 
such  an  instrument  with  vacuum  tube  amplifiers,  and  this  has  been 
done.  In  these  instruments  the  electromagnetic  damping  is  large  com- 
pared with  the  air  damping,  exactly  the  reverse  of  the  condition  which 
obtains  in  the  sensitive  galvanometers  with  quartz  strings.  In  the  use  of 
such  instruments  the  effect  of  the  external  circuit  cannot  be  neglected  if 
the  work  in  hand  requires  actual  current  measurement  rather  than  the 
indication  of  time  when  a  current  begins  as  in  the  sound  ranging 
application. 
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The  first  investigation  of  the  circuit  equations  of  the  string  gal- 
vanometer was  made  by  Crehore  (20).  His  work  led  Ornstein  (19)  to 
undertake  a  study  of  the  subject.  Ornstein's  paper  (in  English)  has 
apparently  attracted  little  attention  probably  because  it  appeared 
when  events  at  the  beginning  of  the  war  were  occupying  attention  and 
perhaps  in  part  because  of  limited  distribution  of  the  Amsterdam 
Proceedings.  This  paper,  which  was  unknown  to  the  writer  when 
Part  1  was  written,  deals  with  the  motion  of  the  string  under  electro- 
magnetic damping.  The  treatment  is  original  and  rigorous  and  is 
undoubtedly  the  most  compact  and  general  exposition  of  string  gal- 
vanometer theory  available.  It  is,  however,  so  much  condensed  that  a 
reader  of  moderate  mathematical  ability  will  find  it  somewhat  dithcult 
to  follow.  In  referring  to  Crehore's  deduction  of  the  circuit  equation, 
Ornstein  (p.  784)  remarks,  "  .  .  .  .  not  entirely  exact  energetic  con-' 
siderations  underlie  this  deduction."  This  seems  to  refer  to  the  fallow- 
ing statement  in  Crehore's  paper  (I.e.,  p.  213),  ''Since  the  back  electro- 
motive force  is  proportional  to  the  velocity,  we  may  write,  c'  =  h/ip„ 

where  ///  is  a  constant  quantity "  As  mentioned  in  Section  4,  §2, 

ideas  derived  from  consideration  of  the  moving  coil  galvanometer 
seem  to  have  led  many  people  to  look  upon  the  electromagnetic  damp- 
ing of  the  string  galvanometer  as  simply  proportional  to  the  velocity. 
That  this  cannot  be  -o  was  first  pointed  out  to  the  writer  in  conversation 
by  Professor  H.  W.  Webb.  Ornstein  shows  (I.e.,  p.  785)  that  for  the 
partials  the  electromagnetic  damping  will  be  less  the  higher  their  order. 
This  appears  from  his  analysis,  but  is  evident  from  physical  ct)nsidera- 
tions  without  mathematical  development,  a  fact  to  which  he  draws 
attention.  The  adjacent  segments  of  a  string  vibrating  in  parts  move 
in  opposite  directions  and  generate  emf's  of  opposite  sign,  so  that  of  a 
train  of  odd  partials  only  one  segment  contributes  to  electromagnetic 
damping.  In  Part  1,  p.  160,  reference  is  made  to  the  motion  oi  a  metallic 
wire  under  electromagnetic  damping.  It  was  observed  that  when  the 
"fundamental  mode"26  of  this  wire  was  more  than  critically  damped, 
the  third  partial  was  still  strongly  in  evidence.  In  Fig.  8  arc  represented 
two  records  of  the  m.otion  of  this  wire.  In  one  it  is  oscillating  on  oju-n 
circuit  and  the  decrement  is  small.  In  the  second  record  the  "funda- 
mental" is  somewhat  overdamped.  The  third  "partial"  can  be  dis- 
tinctly seen  and  in  the  original  record  the  fifth  can  be  distinguished 
also.    At  the  time  of  writing  Part  1  no  satisfactory  explanation  of  the 

»  Bearing  in  mind  the  results  of  Ornstein's  paper  it  is  perhaps  inadmissible  t..  s|>cak  of  a 
fundamental  mode  in  the  usual  sense.    Something  approximating  it  exists,  however. 
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persistence  of  these  partials  could  be  advanced,  but  in  the  Hght  of 
Ornstein's  results  exactly  this  would  be  expected. 


Fig.  8.  Motion  of  Duralumin  wire.  a..  With  air  damping  only.  h.  Heavily  shunted.  Time 
co-ordinates  .001  second  for  one  small  division.  Note  effect  of  partials  on  the  wave  crests  in  a.  Also 
the  appearance  of  the  third  partial  on  the  curves  of  growth  and  decay  of  the  overdamped  fundamental 
in  b. 

Since  with  predominant  electromagnetic  damping  the  whole  force 
available  for  damping  the  total  motion  is  proportional  to  ^j=ilA  of 
all  the  emf's  generated,  it  is  obvious  that  the  remarks  as  to  resonance 
of  the  partials,  Part  1,  p.  163,  will  not  apply  in  these  circumstances. 
It  will  also  be  evident  why  the  cruder  galvanometers  using  heavy  wires 
as  strings  cannot  be  made  equivalent  to  galvanometers  using  light 
coated  cjuartz  fibers  by  the  simple  expedient  of  applying  ampUfiers. 
If,  however,  the  string  is  damped  with  Hquid  and  the  external  resistance 
so  adjusted  that  the  electromagnetic  damping  is  small  in  comparison 
with  the  fluid  damping,  the  heavy  wire  instrument  may  be  made  more 
serviceable  for  measurements  of  precision.  If  used  with  magnetic 
damping  only,  care  must  be  exercised  in  interpretation  of  the  curves. 

It  may  be  here  remarked  that  the  bifilar  oscillograph,  though  usually 
treated  theoretically  as  an  instrument  with  one  degree  of  freedom,  in 
reality  resembles  very  much  a  string  galvanometer  of  low  resistance 
with  some  added  complication  due  to  the  couphng  of  the  strings  at  the 
middle  and  loading  them  with  the  mirror.  These  instruments  are  usually 
used  with  fluid  damping  and  at  a  natural  period  much  shorter  than  that 
of  the  fundamental  of  the  periodic  current  to  be  measured.  It  seems 
possible  that  in  some  applications  the  motion  of  the  instrument  may 
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be  measurably  affected  by  the  occurrence  in  the  impressed  current  of 
a  component  in  agreement  with  one  of  the  partial  modes  of  the  oscillo- 
graph system. 

Section  8.  Accessories  to  the  String  Galvanometer 

1.  Illuminating  Systems.  While  the  string  galvanometer  may  be 
used  subjectively  and  the  motion  of  the  shadow  observed  with  an 
ocular  provided  with  a  scale,  its  pecuhar  field  of  usefulness  like  iJuit  of 
the  oscillographs  is  in  the  investigation  of  phenomena  whose  variations 
are  too  rapid  to  follow  with  the  eye.  For  photographic  registration  or 
for  the  use  of  a  rotating  mirror  or  similar  device  the  instrument  must 
be  used  as  a  projection  microscope  and  some  means  must  be  provided 
for  illumination.  For  many  purposes  a  wire  filament  gas  filled  in- 
candescent lamp  is  satisfactory.  A  simple  condenser  is  necessarv  and- 
it  is  advantageous  to  use  a  pair  of  lenses  in  order  to  diniiiii>li  the 
spherical  aberration.  Small  motor  headlight  lamps  may  be  u>e(l. 
but  they  usually  have  a  double  filament.  A  single  coil  is  preferable. 
It  should  be  centered  and  then  put  out  of  focus  until  the  field  is  uni- 
formly illuminated  with  overlapping  circles  of  dilTusion.  Definition 
of  the  string  shadow  will  be  poor  unless  the  source  of  light  is  centeretl. 
Such  a  lamp  may  be  used  at  normal  voltage  for  recording  the  electro- 
cardiogram, the  magnification  being  about  500  diameters  and  the  speed 
of  photographic  registration  25  mm/sec.  By  employing  temporary 
overvoltage  higher  magnifications  or  higher  speeds  may  be  used,  l-'or 
very  short  exposures  it  is  possible  to  secure  quite  satisfactory  records 
on  bromide  paper  at  three  meters  a  second.  These  lamjis  are  ine.\i)en- 
sive  and  have  the  advantages  of  requiring  no  attention  after  initial 
adjustment  and  consuming  little  current. 

For  still  higher  speeds  up  to  ten  meters  a  secoml  the  carbon  arc  i.s 
available.  A  smoothly  operating  automatic  projection  lamp  using 
cored  hard  carbons  is  most  convenient.  If  a  really  good  automatic 
lamp  is  not  available  a  hand  feed  lamp  is  preferable  to  a  poor  automatic. 
It  may  be  operated  on  as  small  a  current  as  5  amperes,  but  the  writer 
prefers  to  use  larger  carbons  and  more  current,  ten  to  fifteen  ami)eres. 
The  larger  crater  is  steadier  and  there  is  less  likelihood  of  its  wandering 
enough  to  spoil  a  record.  The  best  system  of  accessory  lenses  for  use 
with  an  arc  lamp  is  that  described  by  Einthoven  (7K  P-  ^^H).  The 
condenser  is  a  spectacle  lens  3.5  cm  in  diameter  and  there  is  a  second 
lens  and  two  iris  diaphragms.  The  entire  arrangement  is  inexpensive 
and  can  easily  be  improvised  in  any  laboratory.  Einthoven  arranges 
to  illuminate  the  string  with  diffusion  circles  and  so  avoids  sharp  light 
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and  dark  bands  across  the  records  due  to  slight  changes  in  tke  local 
temperature  of  the  crater.  This  is  desirable  since,  as  will  be  explained 
presently,  similar  shadows  are  used  to  make  the  time  record.  A  very 
great  advantage  of  his  system  of  illumination  is  that  one  of  the  iris 
diaphragms  may  be  used  to  regulate  the  intensity  of  illumination,  the 
other  controlling  the  size  of  the  illuminated  field.  These  small  lenses 
entirely  fill  the  aperture  of  the  microscopes.  When  Nernst  lamps 
were  available  they  were  used  extensively  with  string  galvanometers. 
Tungsten  arc  lamps  are  in  use  to  some  extent.  Aside  from  the  initial 
expense  and  their  rather  short  life  they  should  be  satisfactory. 

2.  Photographic  Registration.  For  registration  at  slow  speeds  as  in 
clinical  electrocardiography,  a  variety  of  recording  instruments  have 
been  developed  by  the  makers  of  apparatus.  Most  of  these  have  a 
magazine  of  film  or  photographic  paper  so  that  long  continuous  records 
may  be  made  or  they  may  be  cut  oft"  at  any  desired  point.  The  exposed 
paper  usually  accumulates  in  a  box  which  may  be  removed  and  taken 
to  a  dark  room  for  development.  Others,  as  that  devised  by  Mr.  Lucien 
Bull,  of  the  Institut  Marey  (made  by  Boulitte)  carries  the  film  or  paper 
on  a  revolving  drum  similar  to  those  used  with  oscillographs.  The  drum 
type  is  best  for  short  records  at  high  speed  and  for  records  of  greater 
length  at  high  speed  one  may  use  a  drum  which  travels  along  a  spiral. 
An  excellent  instrument  of  this  type  has  been  described  by  Eckhardt 
(23).  The  writer  has  used  for  many  years  a  recorder  described  by 
Einthoven  (24),  adapted  to  all  speeds  from  a  millimeter  a  second  to  a 
meter  a  second.  Apart  from  the  fact  that  it  is  bulky  this  is  a  perfectly 
satisfactory  instrument.  It  uses  photographic  plates.  A  variety  of 
plate  recorders  have  been  devised  in  which  the  plate  falls,  uniformity 
of  motion  being  attained  in  some  by  the  principle  of  the  Atwood 
machine  and  in  most  by  damping.  The  damping  is  often  obtained  by 
using  a  piston  displacing  oil  or  air  through  a  precision  cock.  Edelmann 
built  a  falling  plate  recorder  in  which  the  damping  was  obtained  by 
rotation  of  a  copper  disk  between  electromagnets.  An  excellent  dis- 
cussion of  the  whole  subject  of  photographic  registration  will  be  found 
in  the  article  so  entitled  by  the  late  Professor  S.  Garten  in  Tigerstedt's 
Handbuch  der  Physiologischen  Methodik,  (25).  At  the  end  of  this 
article  is  a  bibliography  of  1 1 1  articles  which  probably  includes  every- 
thing of  consequence  in  this  field  up  to  1910. 

Of  the  various  available  photographic  materials  paper  is  by  far  the 
cheapest  and  bromide  paper  can  now  be  had  which  gives  excellent 
results  at  magnifications  of  500  diameters  and  speeds  of  two  meters  a 
second  with  a  wire  filament  lamp.    Slower  papers  are  also  available. 
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Reproduction  of  records  is  less  convenient  than  with  lihii  or  plates 
and  neither  film  or  paper  is  as  convenient  as  a  glass  plate  when  precise 
measurements  are  to  be  made  under  a  microscope.  Plates  can  bo  had 
in  every  variety  of  speed  and  grain.  They  can  be  used  in  the  falling 
plate  type  of  recorder  up  to  speeds  of  two  meters  a  second  and  probably 
faster.  Fast  records  of  condiderable  length  require  paper  or  film.  Film" 
may  be  had  in  long  rolls  either  of  the  usual  high  speed  emulsion,  or 
with  a  slower  emulsion  such  as  is  used  for  motion  picture  positives  and 
called  "positive  film."  This  is  excellent  for  sharp  contrasts  at  slower 
speeds.  Fast  film  will  give  good  records  at  five  meters/second  with  a 
magnification  of  1000  diameters  using  a  carbon  arc  lamp  and  legible 
records  at  ten  meters  a  second. 

Most  inexperienced  persons  use  too  much  light  and  too  sensitive 
emulsions  for  photographic  registration.  The  records  should  have  a 
maximum  of  contrast  and  this  is  best  secured  by  using  the  slowest  and 
finest  grained  emulsion  and  the  smallest  amount  of  light  which  will 
give  results.  The  best  optical  definition  is  secured  by  using  a  source 
of  high  intrinsic  brilliancy  such  as  a  carbon  arc  and  cutting  down  the 
aperture  with  a  diaphragm  as  in  the  illumination  system  of  Finthoven. 
Since  even  the  best  objectives  are  imperfect  in  color  correction  it  is  well 
to  ascertain  by  trial  where  to  focus  the  subjective  image  sharply  in 
order  to  get  the  best  photographic  definition.  For  a  discussion  of  this 
matter  and  suggestions  as  to  alignment  of  the  optical  systems  reference 
may  be  made  to  a  paper  of  Einthoven  (26)  on  simultaneous  records 
with  several  galvanometers. 

During  the  war  a  detachment  of  engineer  soldiers  umlcr  the  writer's 
direction  constructed  a  number  of  photographic  recorders  of  the 
magazine  type  with  a  device  for  automatic  development  and  fixation. 
The  records  were  develo})ed  and  fixed  in  ten  seconds  and  the  device 
functioned  with  great  reliability.  Trowbridge  has  recently  described 
a  similar  device  for  use  at  greater  speeds  (22).  .Military  experience 
proved  that  photographic  registration  with  suitable  eciuipment  is  not 
only  not  difficult,  but  may  offer  the  simplest  means  all  ihings  con.sidered 
of  solving  a  problem  of  graphic  recording. 

3.  Recording  of  Time  Co-ordinalcs.  In  the  usual  ct)mmercial  ai^ilica- 
tion  of  the  oscillograph  it  is  customary  to  infer  the  time  relations  ol  the 
record  from  the  average  R.P.M.  of  the  drum.  If  measurements  of  high 
precision  are  to  be  made  this  is  unsatisfactory,  not  alone  because  the 
rate  may  change,  but  because  the  photograj^hic  material  in  the  proces.scs 
of  development,  washing  and  drying  swells  and  shrinks.     The  most 
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recent  information  on  the  shrinkage  of  film  is  to  be  found  in  a  paper 
in  this  Journal  (27)  by  Curtis.  In  order  to  control  with  certainty  the 
actual  velocity  of  the  record  and  at  the  same  time  to  provide  a  reference 
system  small  enough  to  make  the  shrinkage  negligible,  Garten  (28) 
devised  the  plan  of  photographing  simultaneously  with  the  record  a 
system  of  rectangular  coordinates.  The  space  coordinates  are  generated 
by  a  series  of  lines  ruled  on  the  back  of  the  cylindrical  lens  of  the 
recorder.  The  time  coordinates  are  shadows  cast  by  the  spokes  of  a 
wheel  which  rotates  in  such  a  position  as  to  cut  off  the  light  at  regular 
intervals.  By  making  every  fifth  spoke  thicker  each  fifth  line  is  heavier. 
For  controlling  the  speed  of  the  wheel  at  a  great  variety  of  speeds 
Einthoven  has  described  a  very  convenient  device  (29).  For  speeds  not 
greater  than  one  or  two  hundred  mm/sec,  the  phonic  wheel  of  LaCour 
(30)  and  Lord  Rayleigh  (31)  serves  very  well.  It  was  first  applied  for 
this  purpose  by  Bull.  The  writer  has  used  since  1912  a  regulator 
described  by  Giebe  (32)  which  was  constructed  at  the  Reichsanstalt, 
after  a  suggestion  of  Helmholtz,  for  controlling  the  speed  of  a  rotary 
commutator  used  in  measurement  of  capacity  by  the  Maxwell  bridge 
method.  With  two  interchangeable  regulator  spindles  this  provides 
a  large  range  of  time  intervals  up  to  1000  shadows  a  second.  A  modified 
form  gave  satisfactory  results  at  40  R.P.S.  which  with  a  50-spoke  wheel 
gives  2000  shadows  a  second.  The  co-ordinate  network  on  the  records 
published  in  this  paper  was  recorded  with  this  apparatus. 

For  the  measurement  of  short  time  intervals  by  photographic 
methods  with  very  high  precision  the  tuning  fork  itself  may  be  made 
to  interrupt  the  beam  of  light  in  the  manner  described  by  Curtis  and 
Duncan  (35).  For  data  on  the  accuracy  of  electrically  driven  tuning 
forks  used  in  such  measurements,  see  a  paper  by  Dadourian  (36). 

Appendix  A 

ERRATA  IN  PART  1 

At  the  beginning  of  this  paper  is  a  note  calling  attention  to  a  defect 
in  the  statement  of  Eqs.  (10)  and  (16)  of  Part  1,  which  was  kindly 
brought  to  my  notice  by  Professor  H.  W.  March.  In  Eq.  (10)  the  sign 
of  summation  should  not  have  been  used  since  its  customary  meaning 
would  imply  that  all  of  the  infinite  number  of  solutions  exist  simul- 
taneously, whereas  they  actually  exist  one  at  a  time.  The  comple- 
mentary function  corresponding  to  any  critically  damped  partial  of 
order  s  =  lk/2-Kam  is  given  by  Eq.  (10)  with  the  sign  of  summation 
omitted.   As  a  is  altered  by  change  of  tension,  Ik/liram  becomes  equal 
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to  each  of  the  odd  integers,  s,  successively.  A  siniihir  reiiKirk  applies 
to  the  second  sign  of  summation  in  Eq.  (11). 

In  Eq.  (16)  the  limits  of  the  sum  should  be  from  s  =  Klk/liram  to 
s  =  {2n-\-l)<lk/2'wam.  This  equation  ^\\\\  then  apply  to  all  modes  of 
the  string's  motion  for  which  5  is  less  than  the  number  corresponding 
to  the  order  of  the  mode  which  is  critically  damped.  For  all  orders  of  s 
above  the  one  which  is  critically  damped  the  motion  is  dclincd  by 
Eq.  (8).  These  corrections  do  not  affect  in  any  way  the  results  of 
Part  1  since  the  interpretation  put  on  these  equations  was  that  here 
stated  as  will  be  evident  from  remarks  on  page  159. 

The  following  additional  errata  have  been  noted : 

Page  144,  fourth  line  above  Eq.  (14)  read,  sth.  partial  is  critically 
damped 

Page  159,  4th  Hne  below  Eq.  (35)  the  statement  tb.at  the  funda- 
mental decays  at  the  same  rate  as  the  oscillations  is  not  rigorously 
correct.  The  law  of  decay  of  the  fundamental  is  given  by  Eq.  (15a), 
p.  147. 

Page  170,  line  28,  Eq.  (Ill)  should  read,  n=e^'  {A  -\-Bl). 

Page  173,  the  last  eciuation  in  Appendix  h  should  read, 


Page  174,  the  date  of  Ref.  (4)  should  be  1910. 


Appendix  B 

DAMPED  AND  UNDAMPED  PERIODS,  DECRKMKXT    \M> 
DAMPING  COEFFICIENT,  k 

1.  Period  and  Decrement.  When  the  relation  between  mass,  damping 
and  tension  is  such  that  the  motion  is  oscillatory  as  defined  by  the 
complementary  function  of  Eq.  (8),  Part  1,  the  damped  period  of  the 
fundamental  mode  is  easily  determined.  The  string  is  detlccted  by 
steady  current  and  if  the  effect  of  air  damjnng  alone  is  to  be  measured, 
a  photographic  record  is  made  of  the  return  to  zero  when  the  circuit 
is  opened.  At  the  same  time  there  is  registered  a  record  of  the  time 
which  may  conveniently  be  in  thousandths  of  a  second.  The  period  of 
one  or  several  oscillations  is  then  compared  with  the  time  scale  under  a 
micrometric  microscope.  From  the  damjied  period  so  determined  we 
require  the  period  the  string  would  have  if  the  damiMng  were  removi-d. 
The  necessary  formulas  are  readily  developed  from  the  results  of  Part  1. 
Although  they  are  not  new,  the  development,  which  is  simple,  will 
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serve  to  make  clear  their  meaning.  This  seems  desirable  as  confusion 
sometimes  arises  from  the  use  of  formulas  based  on  the  half  period  and 
others  based  on  the  whole  period  without  explanation. 

Let  Wi,  Uz,  Ms,  ....  be  the  amplitudes  of  successive  whole  oscillations 
of  a  damped  train.  If  there  were  no  partials  the  ratios  W1/M25  W2/M3  .... 
would  all  be  equal.  Einthoven  found  discrepancies  which  Crehore 
referred  to  persistence  of  the  third  partial  during  the  first  oscillation. 
Using  a  Type  B  instrument  with  a  string  of  half  the  length  of  the 
Leyden  Model  it  is  possible  to  get  much  larger  oscillations  and  in  these 
circumstances  the  writer  finds  no  discrepancy  greater  than  the  probable 
errors  of  measurement.  The  discrepancy  observed  by  Crehore,  whose 
curves  were  registered  in  the  Columbia  laboratory,  was  always  that 
the  first  oscillation  w'as  smaller  than  it  should  have  been  had  the  motion 
been  simply  exponential.  It  is  possible  that  some  cause  other  than  the 
persistence  of  the  third  partial  contributed  to  increase  the  discrepancy 
in  these  records.  At  all  events  I  have  been  unable  to  make  certain  of 
the  effect  of  the  partials  in  the  smaller  instrument  though  theory 
indicates  it  should  be  but  little  smaller  than  in  the  larger  one. 

If  Tk  is  the  damped  period,  we  have  Uie~'''^'^"'  =  U2,  from  which  it 
follows  that 

log  Ui/u2=kTK/2f>l  (1) 

The  second  member  of  (1)  is  called  the  logarithmic  decrement  and  is 
usually  represented  by  X. 

The  analytical  expression  for  the  fundamental  damped  period  (Part 
1,  p.  137),  is 


Tk    = 


V 


(2) 


Introducing  this  v-alue  of  n  into  the  right  hand  member  of  (1),  we  have 

2-irk  2ir 


2m/[/ 4/ 1 


from  which 


XV47r2  = 


--  1 


Pk' 
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and  from  this  by  simple  algebraical  transformations  we  readily  obtain 

X2  1 

1  + =  

^lultiply  both  terms  of  the  right  hand  member  of  (2)  by  /.  tt,  then 

21 


Tk    = 


'  47r', 


=  2/Ai/ :7-.T-  (4) 


which  is  identical  with 

V  1- 

But  2l/a=To  (Part  1,  p.  137),  whence  from  (3)  and  (4)  wc  have, 

Ti=ro\/r-rxV472 

For  purposes  of  numercial  computation  the  radical  in  [5)  may  be 
expanded  by  the  binomial  theorem,  all  terms  after  the  second  being 
negligibly  small,  and  we  have, 

T,.  =  ro(l+XV87r2+  •••.)'  (6) 

The  damping  of  a  string  galvanometer  is  always  large  so  that  under  the 
maximum  tension  which  will  not  injure  the  string  there  will  be  only 
a  small  number  of  oscillations  before  the  amplitude  falls  off  to  a  mag- 
nitude comparable  with  the  unavoidable  error  of  measurement.  Instead 
of  taking  the  ratios  of  the  amplitudes  of  whole  oscillations,  we  may 
determine  the  decrement  from  the  ratio  of  any  maximum  to  the  absolute 
value  of  the  next  following  minimum.  The  time  of  a  half  period  is  Tt/2. 
Writing  for  the  logarithmic  decrement  of  a  half  period  X',  we  have 
y  =  kT,./^m,  or  X'=X/2,  so  that  (5)  becomes  rA=ro^  1+X'Vt'  and 
expanding  the  radical, 

ri  =  To(l  +  X'2/27r2+ )  (7) 

2.     To  Determine  the  Value  of  the  Damping  Coefficient,  k. 
1.     When  the  motion  of  the  string  is  periodic. 

X  =  /feTA:/2w,  whence      k  =  2m\/Tk  (8) 

If  the  decrement  is  determined  for  a  half  period, 

k  =  hnW/Tk  (9) 
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2.  When  the  motion  is  aperiodic.  We  consider  the  fundamental 
mode  only.  The  criterion  of  exact  aperiodicity  is  Tra/l^k/lm,  whence 
k  =  2mTva/l.  But  (Part  1,  p.  137),  2l/a  =  To,  so  th^at  2a//  =  4/To,  v/hich 
gives, 

A'-4w7r/To  (10) 

Appendix  C 

CONS  TAXCV  OF  DAMPING  AT  HIGHER  T?:NSI0NS 

Einthoven's  experiment  discussed  in  Section  3,  §2,  has  shown  that 
the  damping,  k/2m,  is  constant  for  a  tenfold  variation  of  tension  when 
the  absolute  value  of  the  tension  is  small.  The  following  experiments 
indicate  constancy  of  this  ratio  from  a  tension  corresponding  to  critical 
damping  to  one  approaching  the  maximum  safe  limit.  The  galva- 
nometer used  was  Type  B;  length  of  string  6.7  cm,  resistance  18,000 
ohms.  During  the  experiments  the  exciting  field  current  was  kept 
constant.  The  string  was  deflected  by  known  steady  direct  current  and 
the  circuit  then  opened.  The  curve  of  return  to  zero  was  recorded  on 
plates  at  one  meter/second,  with  a  time  scale  in  thousandths  of  a 
second.  At  the  greater  tension  there  were  several  oscillations.  The 
value  of  Tk  was  determined  by  direct  comparison  with  the  registered 
time  scale  under  a  microscope  pro\ided  with  cross-hairs  and  a  vernier 
stage.  The  amplitudes  of  successive  maxima  and  minima  of  the  oscilla- 
tions were  similarly  measured.  The  ratio  for  the  half  period  was  found 
to  be  in  one  experiment  3.87.  Log ,  3.87  =X'  =  1.35.  X'^  =  1.82,  2ir-  =  19.7, 
whence  1  +X'V27r2=  1.0925.  The  measured  value  of  n-  was  .001  second. 
By  Eq.  (7),  Appendix  B,  ro  =  r;,/1.0925.  This  will  be  the  undamped 
natural  period  at  maximum  tension  and  to  distinguish  it  from  the  un- 
damped natural  period  at  critical  damping  we  shall  add  the  subscript  i, 
so  that  roi  =  9XlO-^  second.  From  Appendix  B,  (9)  and  (10)  we  have 
k=4:m\'/Tk  for  the  periodic  condition,  and  ^  =  4?n7r/ro2  for  critical 
damping.  Between  these  two  equations  k  and  m  have  presumably 
varied.  We  shall  assume  that  over  the  range  of  tensions  covered  by 
the  experiments  the  ratios  ki/nii,  ki/mi,  are  constant  and  see  to  what 
conclusion  this  assumption  leads  us.  From  (9)  and  (10)  we  then  obtain 
To2  =  7rTki/\',  where  to2  is  undamped  period  at  critical  damping  and 
Tfci  is  damped  period  in  the  oscillatory  state.  Substituting  the  numerical 
values,  we  have  ro2  =  3. 14  X  10-3/1.35  or,  ro2  =  2.325  X  lO-^. 

From  Eq.  (6),  Part  1,  we  readily  infer  that  with  the  same  string  in 
the  same  field,  if  the  tension  is  varied  and  the  deflection  kept  constant 
by  simultaneous   variation   of  the   current   through   the   string,   the 
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product  tqH  will  be  constant,  tq  here  referring  to  the  prevailing  tension, 
i.e.,  being  regarded  as  a  variable.  We  know  the  value  of  this  product  in 
the  experiment  under  consideration  for  the  periodic  condition.  It  is 
r^oi/i  =  8.62  X 10-1^  If  we  div^de  this  number  by  the  square  of  the  value 
of  To2  which  we  have  calculated  for  the  aperiodic  condition,  and  if  our 
assumption  as  to  k  and  ni  is  correct  we  shall  obtain  the  value  of  the 
current  which  will  produce  the  constant  steady  deflection  V  at  the 
tension  for  which  the  string  will  be  critically  damped.  We  hnd  t'o2  = 
5.41X10-"'  and  (8.62  Xl0-i3)/(5.41  XlO-""')  =  1.59X10-"  cgs  units  of 
current  or  1.59X10-"'  ampere.  In  registering  the  oscillatory  curve  the 
steady  deflection  of  the  shadow  magnified  1000  diameters  was  three  cm. 
Adjusting  the  tension  until  a  three  cm  deflection  was  produced  by 
1.59X10-"^  ampere  a  photographic  record  was  again  made  antl  found 
to  be  aperiodic.  A  slight  increase  in  tension  caused  barely  perceptibh'' 
overshooting  of  the  equilibrium  position  so  that  exact  aperiodicity  had 
been  very  approximately  attained.  It  is  thus  exident  that  within  the 
limits  of  error  of  the  measurements  the  assumption  that  the  ratio  k/m 
is  constant  holds  good  over  this  range  of  tensions  also.  Determinations 
of  To2  at  critical  damping  were  made  from  curves  registered  with  this 
string  on  film  run  at  three  meters/second,  using  the  method  described 
in  Part  1,  pp.  147-48.  The  value  so  obtained  was  2.4xlO~-^  second,  in 
good  agreement  with  the  calculated  value. 

Appendix  D 

computation  of  valui':  of  m 

By  rearrangement  of  Eq.  (6),  Part  1,  we  have  m  =  lIlT\/MU.  \Vc 
have  shown  in  Section  3,  §3,  that  to  is  determinate  and  unique  in  .^pitc 
of  variation  of  k  and  of  the  effective  value  of  m.  Knowing  the  true 
value  of  To,  we  can  readily  calculate  the  true  value  of  m.  the  linear 
density  of  the  string.  In  a  ])articiilar  exjierinK'nt  the  following  valuer 
weremeasu.ed, 

//  =  23,500  gauss. 

I  =  1.22  X 10-=^  ampere  or  1 .22  X  10  '  cgs. 

To  =  9X10-"  second. 

t/ =  3x10-3  cm. 

2. 35X10^X1. 22X10-^X8. 1X10-'        ^   iw,n-7 

ffi  = — =  2  .42  X  1" 

3.2X3X10-- 


m 


=  2.42  X 10-'  grams  per  centimeter  length. 


370 


Horatio  B.  Williams       [J.O.S.A.  &  R.S.I. ,  13 


Appendix  E 

MAGNETIC  FIELD  DATA 

To  present  any  considerable  part  of  the  data  which  has  been  accumu- 
lated during  the  progress  of  experimental  work  connected  with  the 
development  of  the  new  designs  which  have  been  described  in  this 
paper  would  probably  not  be  worth  the  space  required.  It  seems  worth 
while  to  present  some  comparative  data  regarding  the  energy  expendi- 
ture required  to  produce  a  given  field  strength  in  several  different  types 
and  some  figures  regarding  leakage.  The  effect  of  shortening  the  aii-gap 
in  Type  B  and  C  is  well  shown  by  the  three  magnetization  curves  in 
Fig.  9. 

Table  2.   Watts  consumed  for  production  of  field  strengths  stated. 


Field  Strength 

T>pe  A 

TypeB 

Leyden  Model 

Cambridge 

Edelmann 

in  Gauss 

Columbia  copy 

Old  T>T)e 

Large  Model 

8,000 

1.5 

0.37 

1.5 

7.0 

7.0 

10,000 

2.5 

0.63 

2.5 

12.0 

12.0 

12,000 

3.5 

0.96 

4.0 

18.0 

20.0 

14,000 

5.0 

1.35 

6.0 

38.0 

25.0 

16,000 

6.0 

1.81 

8.0 

40.0 

70.0 

18,000 

8.0 

2.16 

13.0 

65.0 

160.0 

18,000* 

9.0 

2.35 

15.0 

78.0 

240.0 

20,000 

11.0 

2.94 

22.0 

125.0 

21,000 

15. 

3.37 

33.0 

226 

22,000 

19. 

3.84 

55.0 

422 

25,000 

90. 

11.75 

125+ 

26,000 

250. 

24.0 

27,000 

58.0 

28,000 

143.8 

*  The  Edelmann  instrument  has  windings  concentrated  over  poles  8.5  cm  in  diameter. 
This  makes  the  average  length  of  a  turn  rather  long  and  the  resistance  considerable.  The 
experiment  stopped  at  the  last  value  given  because  the  accumulation  of  heat  was  so  rapid 
that  the  insulation  was  beginning  to  char. 

The  above  table  illustrates  the  great  advantage  of  suitable  design. 
The  distributed  windings  of  the  Leyden  Model,  Type  A  and  Type  B 
produce  the  necessary  flux  quite  as  certainly  as  the  concentrated  wind- 
ing of  the  Edelmann  Model.  In  fact  the  design  of  this  instrument  is 
such  that  no  advantage  can  be  taken  of  the  concentrated  winding  since 
the  accumulated  heat  endangers  the  insulation  long  before  saturation 
is  reached.  In  the  old  type  Cambridge  instrument  there  was  more  room 
for  windings  and  the  outer  half  was  wound  of  hea\aer  wire.  The  heat 
seems  to  have  been  better  dissipated  also  as  it  handled  422   watts 
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without  charring  the  insulation.  Without  water  cooling  it  would  be 
impossible  to  work  with  any  such  expenditure  of  energy  and  that  it  is 
quite  unnecessary  is  shown  by  the  production  of  the  same  field  strength 
in  the  Leyden  type  at  55  watts.  The  production  of  a  field  in  type  H 
with  an  expenditure  of  3.84  watts  equal  to  that  which  required  422  in 
the  older  Cambridge  type  is  partly  due  to  the  distribution  of  the 
windings,  but  largely  to  the  shortness  of  the  airgap  which  lessens  the 
reluctance  and  diminishes  the  leakage. 

Einthoven  calculated  the  leakage  factor  for  the  Leyden  Model  to  be 
10.9  at  a  field  strength  of  10,000  gauss.  That  is,  the  stray  flux  will  be 
10.9  times  the  useful  flux  at  that  field  value.  The  accuracy  of  his 
calculation  is  attested  by  a  measurement  which  the  writer  made  on  the 
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Fig.  9.   Magnetization  curves  for  Types  A,  B,  and  C. 

Columbia  copy  at  this  field  strength.  The  experimental  value  oi  the 
leakage  factor  was  found  to  be  10.95.  The  leakage  factor  of  Type  B 
ranges  from  5  at  10,000  gauss  to  about  8  at  27,000  gauss.  The  leakage 
factor  in  the  old  type  Cambridge  instrument  must  be  very  large,  l)ut 
I  have  never  measured  it. 

Measurements  of  a  Type  B  instrument  show  that  the  field  strength 
in  the  region  of  the  perforation  averages  about  one  third  of  the  maxi- 
mum value.  In  Type  A  and  in  the  Leyden  Model  it  is  about  one  half 
the  maximum  value.  The  shorter  airgap  in  Type  B  probably  produces 
diminished  leakage  into  the  central  region. 
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Appendix  F 

the  damping  coefficient 

The  damping  coefficient,  or  coefficient  of  mechanical  resistance,  k, 
has  been  briefly  considered  in  Section  III,  §4.  In  Section  III,  §2,  the 
writer  has  referred  to  a  theory  developed  by  Stokes  as  probably 
explaining  variations  in  the  effective  value  of  m  which  were  observed 
by  Einthoven.  The  theory  of  Stokes  predicts  that  a  cylinder  of  small 
diameter  moving  slowly  in  a  viscous  fluid  will  experience  a  large  increase 
of  mass  and  also  of  damping.  Einthoven,  after  careful  measurements 
concluded  that  k  is  constant  over  the  entire  working  range  of  tensions. 
Regarding  the  precision  of  his  measurements  there  is  no  question. 
Their  interpretation  rests,  however,  on  the  meaning  of  certain  mathe- 
matical expressions  derived  from  the  equation 

w  +  — M  +  — «  =  0  (l) 

m  m 

Being  an  ordinary  differential  equation,  this  is  strictly  applicable  only 
to  a  system  with  one  degree  of  freedom,  but  for  the  purpose  of  the 
present  discussion  a  more  general  treatment  w^ould  merely  compUcate 
the  expressions  without  adding  anything  of  material  interest.  We  shall 
not  attempt  to  introduce  the  symbols  employed  by  Einthoven  (18) 
which  are  somewhat  different  from  those  used  in  these  papers.  The  only 
new  symbol  in  (1)  is  /x,  which  is  here  used  to  denote  the  coefficient  of 
stiffness.  When  multiplied  by  the  steady  current  deflection,  U,  the 
product,  juZ7,  is  the  restoring  force  wdiich  is  in  equilibrium  with  the 
impressed  force  during  the  continuance  of  steady  deflection.  The 
dimensions  of  ju  are,  therefore,  [MT"^].  In  place  of  ju,  Einthoven  intro- 
duces \/c,  where  c  is  a  coefficient  of  compliance  or  sensiti\ity. 

Consider  a  photographic  record  of  a  steady  current  deflection,  damp- 
ing being  either  critical  or  more  than  critical.  At  the  point  of  inflexion 
of  the  curve  u=0.  Introducing  this  value  in  (1),  a  solution  for  this 
point  is  at  once  obtained.  This  is  essentially  Einthoven's  procedure. 
We  have  at  the  point  of  inflexion 

Ui  = iii  (2) 

The  negative  sign  may  be  disregarded  as  it  refers  only  to  direction  of 
measurement.  Of  the  quantities  in  (2),  Ui  is  the  ordinate  of  the  curve 
at  the  point  of  inflexion  and  its  value  is  read  directly  from  the  record. 
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The  slope  of  the  curve  at  the  point  of  inflexion  gives  «.  and  l//i  is  the 
sensitivity  of  the  galvanometer  which  is  readily  determined,  so  that 
k  appears  to  be  known.  Although  rigorously  ii  is  zero  only  at  a  point, 
the  velocity  does  not  change  rapidly  in  the  immediate  neighborhood 
of  this  point  and  it  is  conceivable  that  for  a  short  stretch  in  this  im- 
mediate neighborhood  the  motion  might  depend  on  an  approximate 
equilibrium  between  the  impressed  force  and  the  mechanical  resistance. 
As  stated,  Einthoven  finds  k  constant  over  the  entire  range  of  non- 
oscillatory  motion  by  this  method  and,  employing  another  method, 
he  obtains  almost  the  same  value  for  oscillatory  motion.  He  has 
reported  one  experiment,  however,  which  can  hardly  be  reconciled 
with  this  view-  of  the  matter.  This  experiment,  already  noticed  in 
Section  III,  consisted  in  recording  a  deflection  of  the  galvanometer  at 
two  sensitivities  differing  tenfold.  The  current  was  so  adjusted  as  to 
give  the  same  deflection  in  each  case  and  for  the  lesser  sensitivity  the 
speed  of  the  photographic  plate  was  made  ten  times  that  at  which  the 
record  of  greater  sensitivity  was  taken.  The  resulting  curves  are 
published  in  his  1903  paper  (1),  Figs.  1  and  3  of  Plate  III.  They  are  of 
almost  identical  shape.  The  mathematical  interpretation  of  this  ex- 
periment is  that  the  damping,  k/2m,  has  remained  constant.  The  range 
of  sensitivities  in  these  experiments  covers  the  condition  where  Ein- 
thoven found  large  variations  of  m,  so  that  k  must  have  varied  between 
these  tw'o  conditions  otherwise  the  ratio  would  not  have  been  constant. 
The  constancy  of  this  ratio  for  small  tensions  of  the  string  is  decided 
by  this  experiment  with  a  high  order  of  precision  and  in  Appendix  C 
the  writer  has  described  an  experiment  which  shows  that  k/vi  is  still 
constant  up  to  tensions  which  approach  the  limit  of  safe  operation. 
While  in  general  k  and  m  for  a  cylinder  moving  in  air  would  not  vary 
in  such  a  way  as  to  preserve  constancy  of  their  ratio,  nevertheless 
Stokes'  theory  indicates  that  for  certain  values  of  the  argument  this 
may  occur. 

As  it  appears  impossible  that  h  should  be  constant  and  equally  im- 
possible that  Einthoven  could  have  failed  to  detect  the  change  which 
theory  predicts  will  be  large,  the  suspicion  is  aroused  that  perhaps 
Eq.  (2),  which  appears  to  give  the  value  of  k,  may  for  some  reason  not 
apparent  on  the  surface,  conceal  the  variations.  Since  the  interpretation 
of  the  results  of  measurement  depends  entirely  on  Eq.  (1),  it  is  ad- 
missible to  seek  the  answer  to  our  question  by  analytical  methods.  As 
the  interest  centers  about  the  point  of  inflexion,  we  shall  commence  by 
obtaining  mathematical  expressions  for  the  ordinate  of  the  curve  at 


k 
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this  point,  the  time  at  which  it  occurs  and  the  velocity  at  the  point. 
We  shall  obtain  these  data  first  for  the  case  of  critical  damping,  for 
which  the  solution  is  (Part  1,  Appendix  f) 

u=Ue-^'(l-\-At)  (3) 

in  which  for  brevity  A  =  k/2m.  Differentiating  (3),  we  obtain  for  the 
velocity, 

u=-UAHe-^'  (4) 

The  negative  sign  in  (4)  occurs  because  (3)  is  written  in  the  form  which 
defines  a  decaying  deflection.  Differentiating  a  second  time,  we  have 
for  the  acceleration, 

«=-A2e-^'(l-A0  (5) 

The  remark  regarding  the  sign  of  (4)  applies  also  to  (5).  The  condition 
(other  than  /  =  oo ),  for  (5)  to  vanish  is  obviously  /  =  1/A,  which  gives  the 
time  at  which  the  point  of  inflexion  will  occur. 

We  must  now  obtain  corresponding  values  for  the  overdamped  con- 
dition. The  solution  of  (1)  for  damping  more  than  critical  is  (Part  1, 
Appendix  h), 

where  i3i=  -A  + VA^-ju/m  and  ^2=  -A-  Va^-^u/w.  Differentiating 
(6),  the  velocity  is, 

Differentiating  (7)  the  acceleration  is, 

The  criterion  (other  than  /  =  °o )  for  (8)  to  vanish  is, 

/3i2  g^i'l —)  -  fi^U^^'l —]  =  0  . 


(9) 


Solving  this  for  /, 

we  readily  obtain. 

1 

^  — 

log 

/3i 

02-^1 

/32 

Noticing  that 
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^2  —  ^1  jSj  —  /3i 

(6)  may  readily  be  put  into  the  form, 

"=4"'+(s^)G""-^}        (*^) 

Substituting  the  value  of  /  from  (9)  in  (6a),  we  obtain. 

■-■{(i:)^Hi;^)(7-)"(-7:-)!'- 
-'■{(7r).-^(-e 

From  (7),  giving  /  its  value  in  (9), 

■-'{{s^)[-"'^^-":^(=^-)]} 

whence, 

-'-{(s^)(f)^(-7:X 


or, 


«<=^A),-;^  (U) 

Eq.  (2)  may  be  written  as  an  explicit  statement  of  the  value  of  k, 

k=tMUi/ui  U2) 

Critical  damping  is  defined  by  the  relation  A'  =  m/'",  or  m  =  "'A'.    Then 
from  (3)  and  (4), 


Ai«i/«i  = 


UAHe-^'  -t 
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Whence,  putting  /  =  1/A  for  the  point  of  inflexion, 

\iUilui  =  —  2wA  =  k 

The  significance  of  the  negative  sign  as  before  is  due  to  writing  (3)  in 
the  form  for  a  decaying  deflection.  We  arrive  at  an  equation  which  we 
might  write,  ignoring  the  sign,  ^/2w=A,  which  at  first  sight  suggests 
a  mere  identity. ;  W^e  shall  show  that  Eq.  (12)  leads  to  the  same  result 
when  applied  to  the  overdamped  condition.  In  this  condition  A  still 
has  the  same  constant  value,  but  \x  has  diminished,  say  to  /Xb. 
From  (10)  and  (11)  we  have. 


M6 


V    ^2   /  \  ^2   / 


Ui 


which  immediately  reduces  to, 

M6«i     _     M6(i3l  +  /32) 

iii  Ml 


U3) 


From  the  values  of  the/3's  we  at  once  find/3i+/32=  —  2A  and/3i/32  =  Mb/w> 
and  substituting  these  values  (13)  becomes 

=  —  2wA  =  h  , 

Ui 

as  was  shown  for  the  just  aperiodic  condition. 

For  the  oscillatory  case  Einthoven  obtained  a  value  of  k  by  deter- 
mination of  the  damped  period  and  the  logarithmic  decrement.  (See 
Eqs.  (8)  and  (9),  Appendix  B.)  If  we  take  the  decrement  for  a  whole 
period, 

k  =  2m\/Tk  (14) 

From  Eq.  (1),  Appendix  B,  X=ATjt.    Substituting  this  value  in  (14), 
we  have  k  =  2wA. 

Although  k/2m=A  suggests  an  identity,  it  is  not  difficult  to  show 
that  these  equal  ratios  are  by  no  means  identical.  Let  Aa  be  the  ratio 
for  a  string  carrying  a  load  of  moving  air  and  consider  the  case  of 
critical  damping.  A^  =  \ilm.  Should  the  m  in  this  equation  be  also 
regarded  as  loaded  with  mo\-ing  air  or  is  it  the  true  mass  of  a  unit  length 
of  the  string?  The  physical  meaning  of  /x/w  is  perhaps  best  appre- 
hended from  the  equation, 
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To    =  

(15) 

In  (15)  To  is  the  free  period  liithout  damping  and  the  mass  which  cor- 
responds to  the  period  without  damping  is  obWously  the  true  mass. 
So  we  might  write  the  equation  k  =  2wA, 

A=A, 

where  the  first  A  corresponds  to  true  mass  and  minimum  value  for  t he- 
resistance  coefficient.  Similar  considerations  apply  to  the  overdamped 
condition  of  which  critical  damping  is  merely  a  special  case.  Regarding 
the  m  in  Eq.  (14),  it  is  to  be  noticed  that  Einthoven  derived  this  from 
the  free  period  without  damping  and  the  sensitivity  data  of  steady 
current  deflection  with  the  string  in  equilibrium.  This  is  also  a  value 
of  true  m.  So  Einthoven  should  have  obtained  exactly  the  result  he 
did,  constancy  of  the  value  of  k  for  all  tensions,  since  in  all  these 
equations  the  loaded  values  of  k  and  m  are  never  separated.  The  Eq.  (1 ) 
was  based  on  the  assumption  of  constant  values  for  these  quantities 
and  would  not  describe  the  motion  of  the  string  galvanometer  even 
approximately  were  it  not  for  the  fact  that  A  rather  than  its  com- 
ponents is  of  importance.  In  investigating  points  on  the  curve  of  motion 
away  from  the  point  of  inflexion,  Einthoven  puts  the  equation  into  a 
form  such  that  k  and  m  are  separated.  Here  he  at  once  experiences 
difficulty.  Believing  as  a  result  of  the  measurements  we  have  just 
discussed  that  k  is  constant  he  is  forced  to  ascribe  the  entire  dis 
crepancy  to  variation  of  m. 

We  have  shown  that  the  finding  of  a  constant  value  for  /;  at  all 
velocities  of  the  string  flows  from  the  form  of  the  equations  by  means 
of  which  the  experimental  results  were  treated.  Properly  interi)reted 
these  results  do  not  appear  inconsistent  with  the  Stokes  theory,  on  the 
contrary  they  support  it.  We  may  also  remark  that  the  result  of  the 
present  investigation  evidences  the  precision  of  Einthoven's  experi- 
mental work. 

It  is  perhaps  to  be  regarded  as  fortunate  that  the  ratio,  A.  rather  than 
the  coefficient,  k,  should  have  turned  out  to  be  constant  since  this 
renders  it  possible  to  use  A  in  calculation  and  (obtain  correct  results 
even  though  the  components  of  A  may  vary  in  a  manner  not  easily 
determinable. 
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Appendix  G 

ON  THE  PREPARATION  OF  FINE  QUARTZ  FIBERS 

Aside  from  their  use  as  the  supporting  core  of  galvanometer  strings, 
tine  quartz  fibers  are  an  important  laboratory  commodity.  As  many 
laboratory  workers  seem  to  be  unfamiliar  with  a  simple  and  convenient 
method  by  which  they  have  been  made  for  many  years  at  the  Columbia 
laboratory,  it  seems  advisable  to  add  a  note  on  that  subject.  The  bow 
and  arrow  method  of  making  them  described  by  Boys  {33)  is  excellent 
for  producing  very  long  fibers,  but  requires  much  experience  in  prepara- 
tion and  handUng  of  the  equipment  if  fibers  smaller  than  .003  mm  are 
wanted.  Nichols  (34)  described  a  method  of  blowing  short  fibers  and 
Wertheim-Salomonson  (8)  described  an  elaboration  of  this  method 
which  permits  of  securing  fibers  long  enough  to  serve  as  galvanometer 
strings.  All  of  these  methods  have  required  a  room  flooded  with  sun- 
shine to  enable  the  operator  to  see  and  catch  the  fiber.  Some  ten  years 
ago  the  construction  of  a  new  building  adjacent  to  the  writer's  labora- 
tory made  sunshine' unavailable  except  for  about  one  hour  daily  and 
this  led  to  the  development  of  a  method  of  working  by  artificial  light 
which  has  proved  more  satisfactory  than  the  use  of  natural  sunlight. 
This  method  is  a  blowing  process,  but  fibers  more  than  a  meter  long 
can  be  produced  and  their  fineness  seems  limited  only  by  the  patience 
and  skill  of  the  operator.  Fibers  .0015  mm  in  diameter  are  readily 
obtained  by  a  reasonably  good  laboratory  technician  with  a  little 
practice.  It  is  also  possible  to  make  much  larger  fibers.  I  have  not 
tried  to  find  out  how  large,  but  .01  mm  presents  no  difficulty. 

As  raw  material  one  may  use  the  fused  silica  of  commerce.  Either 
the  "silky"  or  transparent  rods  will  produce  good  fibers.  The  type  of 
oxyhydrogen  lamp  is  important.  Most  of  these  will  be  found  to  be  of 
the  blow-through  type  with  an  inner  tube  for  oxygen  running  out  to 
the  tip  of  the  burner.  While  these  can  be  used  it  is  extremely  difficult 
to  adjust  them  and  keep  them  in  such  adjustment  that  they  will  blow 
fibers  with  certainty.  On  the  other  hand  a  good  mixing  type  of  burner 
requires  no  adjustment  and  with  very  little  practice  gives  uniform 
success.  An  excellent  mixing  burner  was  formerly  suppHed  by  Newton 
of  London  as  part  of  a  calcium  light  equipment  and  this  I  have  found 
to  serve  admirably.  Many  of  the  older  laboratories  probably  have 
these  burners.  Fig.  10  is  a  sketch  of  the  illuminating  apparatus.  It  is 
a  wooden  box  one  meter  high,  open  at  the  top  in  the  middle  third.  The 
middle  part  of  the  back  and  the  bottom  are  covered  with  dead  black 
fabric  such  as  is  used  for  light-proof  window  shades.  The  inside  surfaces 
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of  the  front,  sides,  roof  and  lateral  parts  of  the  back  are  painted  with 
white  enamel.  Six  75  watt  nitrogen  filled  lamps  arranged  three  on  a 
side,  furnish  the  light  and  give  an  intense,  but  diffuse  illumination  in 


\ 


Fig.  10.  Sketch  of  illuminaling  box  used  in  making  quartz  fibers. 

the  middle  third.  At  the  back  of  the  middle  third  is  hung  a  piece  of 
black  velvet  reaching  the  full  height.  There  is  a  rather  strong  upward 
current  of  air  in  the  middle  of  this  box  and  in  front  of  it  due  to  heat 


(Ezi: 


Fig.  11.  Method  of  blowing  quartz  fibers.  "C"  is  llu  posUion  of  the  "hot  spot".  Tht  quarlt 
softens,  but  does  not  fuse  in  the  tip  of  the  flame  and  is  put  umirr  tension  t>y  the  rush  of  gas.  A  « Ihf 
operator  lowers  his  hand  the  rodlet  melts  when  it  reaches  the  liol  spot. 
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from  the  burner  and  the  lamps  and  this  air  current  serves  a  useful 
purpose  as  will  presently  appear. 

The  hot  spot  of  the  burner  is  at  C,  Fig.  11.  A  piece  of  rod  is  heated 
in  the  hot  spot  and  drawn  out  to  a  thin,  needle-like  rodlet  which  is 
pulled  apart  at  the  middle.  Each  piece  can  be  used  to  make  a  fiber. 
The  size  of  the  rodlet  can  be  varied  and  to  some  extent  determines  the 
size  of  the  fiber  produced.  The  small  end  is  introduced  into  the  point 
of  the  flame  as  shown  in  Fig.  1 1  and  the  end  toward  the  hand  lowered 
until  a  considerable  length  of  the  rodlet  is  in  the  flame.  Here  again  the 
length  of  rodlet  in  front  of  the  hot  spot  determines  to  some  extent  the 
size  of  the  fiber.  The  rodlet  does  not  melt  in  the  front  part  of  the  flame, 
though  it  softens  and  is  drawn  out  straight  by  the  moving  hot  gas. 
As  soon  as  a  part  of  the  rodlet  enters  the  hot  spot  it  melts  and  the 
anterior  part  is  shot  like  an  arrow  by  the  stream  of  gas  across  to  the 
velvet  where  it  will  probably  stick.  If  the  hand  is  held  steady,  the  fiber 
does  not  immediately  break  and  the  ascending  current  of  hot  air  wafts 
it  upward  in  a  loop  so  that  in  this  way  fibers  as  long  as  two  meters  are 
sometimes  drawn,  though  one  meter  is  more  usual.  When  it  finally 
breaks  the  air  current  straightens  out  the  loop  and  the  operator  may 
reach  forward  and  grasp  the  rodlet  and  so  secure  the  fiber.  Sometimes 
the  rodlet  fails  to  stick.  If  the  fiber  is  long  it  may  be  suspended  in  the 
air  or  blown  up  very  slowly  so  that  it  can  be  caught.  If  short  it  will 
probably  be  blown  upward  so  rapidly  that  it  will  escape.  These  events 
happen  with  a  rapidity  which  is  hardly  conveyed  by  the  description. 

The  flame  should  be  smooth  and  almost  noiseless  and  may  be  as  long 
as  ten  cm.  It  is  best  to  get  oxygen  in  a  cylinder  at  high  pressure  and  use 
a  reducing  valve  of  the  best  quality.  Illuminating  gas  is  usually  used 
with  the  oxygen.  Heating  quartz  repeatedly  in  this  flame  causes  a 
change  which  may  be  recognized  by  its  losing  its  smooth  ductility. 
As  soon  as  this  tendency  is  noticed,  break  off  and  discard  the  ends  of 
the  rods  which  have  been  heated.  Do  not  allow  the  rods  to  lie  where 
they  will  be  contaminated  while  hot  and  do  not  handle  the  parts  which 
are  to  be  heated.  The  fibers  will  not  come  in  contact  with  the  velvet 
ordinarily  and  they  should  not  touch  any  part  of  the  apparatus  as 
otherwise  they  may  become  contaminated  which  is  important  if  they 
are  to  be  coated.  There  are  numerous  other  small  details,  but  anyone 
working  a  few  hours  will  learn  them  for  himself. 

Department  of  Physiology, 

Columbia  University,  New  York  City. 
March  20, 1926. 
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